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I[Mmennust (7Triticum aestivum 1.) 3aliMa€e HaOUIBII IIOCIBHI IUIONI cepend
CUTBCBKOTOCIIOAAPCHKUX KYJIBTYP 1 € BaXKJIMBUM JIKEPEJIOM €Heprii, MOXUBHUX pe-
YOBMH, KJIITKOBMHU I Oilika B pallioHi JroauHW. He3Baxkaroum Ha 3HAUHUI picT
YPOXKAMHOCTI TIIEHMII 3a YaciB «3eJIeHOI PEeBOJIOLIlI», MPOJOBOJbLYI IOTpeOU
JIIOACTBA TaKOX 3pocTaioTh. CTBOPEHHSI BUCOKONPOAYKTUBHUX COPTIB i3 MOJII-
IIEHUMM XapaKTepUCTUKAMM CTa€ AeNali aKTyaJbHIillNM 3i 30iJbLIeHHSIM YMCETb-
HOCTi HaceJieHHs TutaHeTu. I3 mouyatky XX cT. IJ1s 30ilblIeHHsT Pi3HOMaHITHOCTI
POCIMHHOIO MaTtepiany B CeleKLiiiHy poOOTy Moyaju BOPOBAJXYyBaTU IUTYYHUI
MyTareHe3 i3 BUKOPMCTAHHSM pPaJdiOaKTUBHOIO OIPOMIHEHHS i Pi3HOMAaHITHUX
xiMiuHuX crnoayk. Lli meToan BUSBUINCH €(EKTUBHUMU iHCTPyMEHTAMU iHIYKY-
BaHHs LIMPOKOIO CIEKTpa MyTalliif, OfHAK MepeBakHa iX OiLIblIiCTh HebaxkaHa i
noTtpedye HehTpadizallil LUISIXOM KOITITKOI pOOOTH i3 3aCTOCYBaHHSIM 3BOPOTHUX
cxpelllyBaHb. HaTomicTh pemaryBaHHSI TeHOMY 3a JOMOMOIOI0 CalTcrenbiyHuX
eHIOHYyKJIea3 3abe3Meuye TOYHi, e(eKTUBHI I LiaboBi Moaudikalii B 0OpaHUX
JloKkycax. Po3riassHyTo iCTOpMYHI acmekTu PO3BUTKY TEXHOJOTiH iHIyKOBAaHOTO
MyTareHe3y Ta pelaryBaHHs TeHOMY 3a JIOTIOMOTOI0 KepoBaHMX eHIoHYyKea3. Ce-
pen cucTeM, MPUIATHMUX IS pefaryBaHHSI T€HOMY, HaWIIMpIe BUKOPUCTOBYIOThH
CRISPR/Cas-TexHosorio yepe3 ii mMpoCcTOTy Ta BiIHOCHY JIETKICTb CIIPSIMOBAHO-
ro peJaaryBaHH$ T€HiB pi3HUX OpraHi3MmiB, Y TOMY YMCJIi W MIUEHULI 3 1i CKJIagHUM
TeKCarUIOiTHUM TeHOMOM. JIeTaJlbHO OIMKMCAaHO HAmpsIMU 3aCTOCYBAaHHSI CUCTEMU
CRISPR/Cas mist HamaHHsI TIIIEHUITI HOBUX TTOIMIIIEHUX BiIacTuBocTeir. Ocobmm-
BY yBary MpuAiJIeHO po3poOlli HOBITHIX TEXHOJIOTii HA OCHOBI iCHYIOUMX CUCTEM
penaryBaHHsI TEHOMY JUISI CTBOPEHHSI TiOpWIIB MIEHUII. Y3araJbHEHO TEePCIeK-
TUBY TIOJAJTBIIIOTO BUKOPUCTAHHSI pelaryBaHHSI TEHOMY TIICHUIL JUTST TIOJTIITIIIeH-
HS 11 IPOAYKTUBHOCTI i XapuoBoi HMiHHOCTI. OOrOBOPEHO PETYISITOPHY 3aKOHOIABUY
6a3y 11040 BUPOOHUITBA Ta BUKOPUCTAHHS OPTaHi3MiB, OTPUMAHUX i3 3aJyYEH-
HSIM METO[IiB LIJECIPSIMOBAHOTO MYTareHe3sy.

Karouogi caoea: Triticum aestivum L., MueHUs, iHIyKOBAaHUI MyTareHe3, peaary-
BaHHsT reHoMy, CRISPR/Cas9.
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ITireHnIsS HaJIEXXUTh 10 OCHOBHUX KYJIBTYp, SIKi CIIOXXMBA€ JIIOAWHA, 3a-
JIOBOJIBHSI0UYM 0in3bKo 20 % eHepreTMYHUX MoTped JI0ACTBA, i € BaXIIN-
BUM JKepeJioM XapyoBoro 0Oiaka. BoHa 3aiiMae HaiOiibIIi TTOCIBHI IO
B cBiTi — moHax 220 MJIH Ta, 3TigHO 3 JaHUMM mpadi [1], 3 gakux 6,57 MaH
ra mpunagae Ha YKpainy (3a ganumu JlepXaBHOI CIIyXKOU CTaTUCTUKU YK-
painu 3a 2020 pik [2]). Hjs Toro mo0 mporogyBaTu 9 MidbsphiB JIOIEi,
a came TaKy YMCeJIbHICTbh HaceJIeHHS MporHo3yoTh Ha 2050 p. Ha TIaHEeTi,
BpPOXaiHICTh MIIEHUIII Ma€e 3pocTh OUbII K Ha 60 % 3a 30epexkeHHST a00
HaBIiTh MOJIMIIEHHS 1i XapuyOBUX XapaKTepUCTUK. s NOCSATHEHHS TaKoi
aMOITHOI METH CJIiJl 3HAYHO MOJIMIIUTH KJI0YOBi MOKA3HUKU LI€T KYJIbTY-
pM, dKi BM3HA4YalOThb MPOAYKTHUBHICTH Ta aJarTaulilo A0 HECHPUSATIUBUX
yMmoB [3, 4]. Xoua mig yac «3eJIeHOI peBOJIIOLI» cepeaHsT BPOXKaHICTh
MIIeHULi B YCbOMY CBITi 3pocjia Maiixke BTpUYi BHACTiTOK 30iJbIIEHHS
3pOIIYBAaHUX ILJIOII, iHTEHCMBHOIO BMKOPHMCTAaHHS IOOPUB i JOCSITHEHB
ceJIeKl1Iil [5], Ha chOroaHi cepeaHill CBITOBUI ypoxkail MIIeHUIIi CTAaHOBUTD
~3 T/ra, 110 3HAYHO HIMXKYE 3a MOTEHLaa Li€i KyabTypu [6].

Ycnixu B po3yMiHHI (DYHKIIIOHYBaHHSI T€HIB i PO3BUTOK METOMIB T€HE-
TUYHOI TpaHchopmalii y 1990-x pokax gajay MOXKIUBICTb Y MOJAJIbILIOMY
BHOCUTH KOPUCHiI Moaudikallii mepeHeCeHHsIM TeHiB (BKJIIOYarouM Hallli
BJIACHI JOCTIMKeHHs i3 TpaHchopMmalii meHudi [7—9]). OgHak, BUXons-
Yld 3 BUMOT OXOPOHU 3J0POB’Sl Ta €KOJIOTiUHOI Oe3meKku, peajizallis Lux
HOBHMX MOXKJIMBOCTEH TeHeTUYHO MoaudikoBaHux opradizmiB (I'MO) y
CUIBCBKOMY IOCITOIAPCTBI BUSIBUJIACh OOMEXEHOIO HEBEJIMKOIO KiIbKiCTIO
KYJIbTYp, SIKi Oe3MocepelHbO HE BUKOPUCTOBYIOTHCS JISI CIIOKMBAHHS
JIIOAMHOI0 B 1Xy. YpsmoBi opradizalii, sKi 3aiiMalOTbCsl MUTAHHSIMU
0io0e3nexkun, ocobauBO B €Bpomi, Hakjadu 3HA4YHi PEryiasiTOpHi Ta
¢iHaHcoBi Oap’epu Ha BUPOOHULTBO i BukopuctanHg I'MO 3 HOBUMU
o3Hakamu [10].

HelonaBHiii mporpec y po3BUTKY TE€XHOJIOTil pelaryBaHHS IeHiB 3a
JOTIOMOTOI0 canTcneluiyHux KepoBaHUX Hykiea3 [11] y moemHaHHI i3
CEKBEHYBAHHSIM T€HOMiB 0araTboX CiILCbKOTIOCIOIAPChKUX KYJIbTYp [12,
13], Bxiatovatouu miieHuIo [14], miaHOCUTh KOHUEMIIIO MOJIMIIEeHHS 0C-
HOBHUX KYJIBTYp Ha HOBUII METONOJOTIYHUI piBeHb [9, 15, 16]. Pemary-
BaHHS T€HOMY BM3HAuyaloTh SIK CYKYITHiCTb HOBITHiX METOMiB MOJEKYIsIp-
Hoi Oiostorii, gKi 3a0e3ne4yloTh TOUHI, e()eKTUBHI Ta LiIb0BI Moau(ikaliii
B TeHOMHUX Jokycax [17]. JIasg pegaryBaHHSI TeHOMY POCJIMH BUKOPHUCTO-
BYIOTb YOTUPHU IIaT(GOPMHU HA OCHOBI CIlelliali30BaHUX HYKJea3: MeraHykK-
Jlea3u, HyKJieasu <«IIMHKOBMX TajbliB» (zinc-finger nucleases, ZFNs),
HyKJIea3y, MOMiOHI 10 aKTUBATOPiB TpaHCKpUIILil (transcription activator-
like effector nucleases, TALENS), Ta KepoBaHi 3a JOITOMOTOIO CIIPSIMY-
BanbHOI PHK-cmcremu CRISPR/Cas (Clustered Regularly Interspaced
Short Palindromic Repeats/CRISPR associated protein) [18]. Iopori Ta
ckyanHi y BukoHaHHi cuctemMu ZNF i TALEN BUKOPUCTOBYIOTH Y MTOOJM-
HOKHUX JlabopaTopisx yxe O0nm3pko 20 pokiB, ajie pemaryBaHHSI T€HOMIB
MOTpanuIo B LIEHTP yBaru IIMPOKOTro 3arajy AOCTiAHUKIB yHACTiZOK PO3-
pooku came CRISPR/Cas-cuctemu [19], sika 3abe3rneuye npocToTy i Bii-
HOCHY JICTKIiCTh HaIIPaBJIEHOTO peJaryBaHHSI T'€HiB.

IIBuake BIpoBaIKeHHS IIi€i TEeXHOJIOTii s (QyHAaMEHTaJbHUX i
NPUKIAAHUX JOCHiIXKEHb HAWBAXIMUBIILIUX KYJIbBTYp Jd00pe iJTIOCTPYE
KinbKicTh 3apeectpoBaHux NCBI myoOmikaiiiii, oTpuMaHuX y pe3yabTari
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MOLIYKY 3 BUKOpPUCTAaHHSAM Ha3BMu KyabTypu Ta CRISPR gk 3anuty: cra-
HoM Ha KiHenpb 2020 p. meit 3anut gaBaB 577 mocwiaHb mist pucy (Oryza
sativa), 173 — nnst Kykypynsu (Zea mays) i 138 — mns muenuui ( Triticum
aestivum) [20]. I'eHoM mIIeHUIIi HabaraTo CKJIAQIHILIWKA, HiXX B IHIIMX
CiJTbCHKOTOCTIONAPCHKUX KYJIBTYpP, BiH MICTUTb TpU HAO0OpU T'€HiB-TOMO-
JioriB (puc. 1). Ile o3Havae, 1110 IjIsI OTpUMaHHS 0axkaHOro (PEHOTUILY Tpe-
0a BHOCUTU MyTallii B yCi Tpu romoJjioru reHa. He3paxkarouu Ha 1ie, a Ta-
KOX Ha TEXHIYHi YCKJaAHEHHS TPU pereHepalil pOCIVH y KYJIbTypi
TKaHuH [21], Bpaxkawouuit mporpec O0yB JOCITHYTHUH y CIIPSIMOBAHOMY MY-
TareHes3i MIIeHUIIi, 110 BimoOpaxkeHO B OCTaHHIiX orjismax [9, 22—24]. Ot-
Ke, MIBUAKUN po3BUTOK i 3actocyBaHHs1 cuctemu CRISPR/Cas B penary-
BaHHi TeHOMIB Ta BUPpILIEHHI iHIIMX 3aBAaHb HAOYHO CBig4yaThb TPO il
PEBOJIIOLIIAHY POJb Yy Oi0AOTIYHUX JTOCTiIKEHHSIX.

31e6ib1I0ro 3MiHU T€HOMY, sIKi CTBOPIOIOTh KEPOBaHi HyKJiea3u, Io-
JIiOHI 1O 3MiH, BUSIBJIEHUX Yy TOIYJISILISX, 110 TPAIUISIIOThCS B TIPUPOAi a00
OTpMMaHi 3BMYalfHUM XiMiYyHUM MyTareHe3oM [29]. Ile € ocHOBHOIO Bif-
MIiHHICTIO TexHOJIOTili KepoBaHMX Hykjea3 Bing MO (ae HoBa o3HaKa aco-
LHIOETHCS 3 MPUBHECEHHIM 4yxXopingHoi nociigoBHocTi JIHK), 1o moser-
1Iy€ iX MO3UTUBHE CIIPUUHSATTS areHLisIMU 3 0io0e3rneku 6araTbox KpaiH
[30, 31]. BinmoBinHo myOJiyHe MPUAHSTTS Ta BIPOBAIKEHHS pelaryBaH-
HS TEHOMIB y CyYacHi CeJIeKIiiiHi mporpaMu, Tpeba CriomiBaTucs, 3Ha4YHO
CHPUSITAME IIBUAKOMY Ta €(peKTMBHOMY ITiIBUILEHHIO BPOXKAHOCTI.

Y oMy oISl MU PO3IJISTHEMO iICTOPUYHI aCTIEKTU PO3BUTKY TEXHO-
JIOTiii MyTareHe3y Ta TeHeTMYHUX Moaudikalliii pocanH, SIKi cXeMaTUYHO
HaBeJeHO Ha puc. 3, miagcyMyeMoO iH(opMallilo MPO AOCTYIHI iHCTPYMEH-
TA IJI penaryBaHHsSI T€HOMY, y3araJlbHMMO CHOCOOM iX 3aCTOCYBaHHS 3
BUKOPHUCTAaHHSIM KEpPOBaHMX €HIOHYKJea3 ISl MIIeHUII Ta 0OrOBOPUMO
CyYyacHi TeHJAEHLi 1[040 MOJAIbIIOTO PO3BUTKY Ii€T TEXHOJIOTII.

InnykoBanmii Mmyrarene3 pocuH 10 BrnpoBamkenns CRISPR/Cas Tex-
HoJjorii. YacToTa KOPUCHUX MPUPOJHUX MYyTalliil y reHOMax pOC/IUH € 3a-
HaATO HU3bKOIO UISI MPUILBUALICHHS MPOLECY CTBOPEHHSI HOBUX COPTIB
MeToAaMu TpaauuiiiHol cenekiiii. /s 30iabllIeHHSI TeHETUYHOTO Pi3HO-
MaHiTTs B 1920-x pokax Oyiau BiAKPUTI METOAM IUTYYHOI'O iHAYKYyBaHHS
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Apabigoncuc Puc Con KyKypyasa MweHnuA
(A. thaliana)  (Oryza sativa) (Glycine max) (Zea mays) (Triticum aestivum)

Puc. 1. CxematnuHe TIOPiBHSIHHSI PO3MipiB T'€HOMIB OCHOBHHMX CiJIbCHKOTOCTIOIAPCHKUX
KyJIbTYp BiIHOCHO TeHoMy apabimorncucy. HaBegeHo po3mipu reHowmiB apabimomncucy [25],
pucy [26], coi [27], kykypymn3u [28] i M’sKkoi mmeHunt [14]
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Puc. 2. OcHOBHI KJ1acu HyKJiea3, siki BAKOPUCTOBYIOTh ISl pefaryBaHHsI TeHOMiB

[omenu crneuundiyHoro 38’s3yBanns 3 JHK, ctBopeni Ha ocHoBi ZFN (a) Ta TALEN (6), npauiooTb
y napi 3 Hykineazoto Fokl. ¥V cucremi CRISPR/Cas9 nocninosHicte JHK posmizHaeTbcsi BHACHiIOK
yOTCOH-KpikoBcbkux B3aemoniii 3 HPHK (6). 3’exnanns nikasu nCas9 i3 uutununaezaminaszoimo (e) abo
3 ajieHO3MHAe3aMiHa3010 (d) 3abe3neuye peaaryBaHHsi OCHOB y 1inboBiil ainsgHui JITHK 6e3 BcraBok abo
nmuteniii. OCHOBOIO MeTOy yHiBepcalbHOTO penaryBaHHs (e) € nCas9, 3’emHaHa 3i 3BOPOTHOIO TPaHC-
KPUITA3010; 1ieil npoTeiHoBUi1 KomIuieKe cripsimoBye crieurdiuna PHK, pegRNA (prime editing guide
RNA)

MyTalliil ioHi3yBaJTbHUM BUTIpOMiHIOBaHHSIM [32, 33], 3a 1m0 B 1946 p. iio-
ro BuHaxinHuk H.J. Muller 0yB ymoctoenuii HobGeniBcbkoi mpeMii B ra-
ny3i iziosorii Ta Meaunuau [34]. Lle BinKpuTTS pa3oM i3 XiMiYHUM My-
TareHe3oM (BUKOPUCTAHHSM $IK MYyTareHUX AareHTiB pi3HUX XiMiYHUX
crnoyiyk), ToumHaroun i3 1940-x pokiB [35—37], mpokiaad LUISX 10
YCITIITHOTO 3aCTOCYBaHHS MYTALlifHOI CEJeKIlil B HACTYIHi AECATWIITTS i
JIo HaluMx 4JaciB. BukopucTtaHHsl XiMi4HOro Ta pafialliifHOro mMyTareHesy
YMOXJIMBWJIO CTBOPEHHSI BEJMKOIO IIyJly MYTaHTHUX pPOCJIMH, SKi B
NoAaJbIIOMY MaJlM BKJIIOYATUCS Yy CEJIeKIlil0 POCIMH i3 OaXaHUMU
nojdimueHnMu xapaktepuctukamu [38—40]. ¥V 6aratbox KpaiHax OyJiu 3a-
MOYaTKOBaHI CIeliaai3oBaHi ceJekiiiiHi mporpamMu [41], gKi BTiAUINCH y
ctBopeHHsT moHan 3000 JiHifA pi3HOMAHITHUX CLIbCHKOIOCIIOAAPCHKUX
KYJIBTYp i3 BUKOPHUCTAaHHSIM IUTYy4HOro MytareHesy [42]. IIpore kpim Ko-
PUCHUX O3HAK, YACTOTa BUHUKHEHHS SIKUX € TOCUTh HU3bKOIO, 1151 TEXHO-
JIOTisl BUKJIMKAE THUCSUI BUITAAKOBMX, MEPEeBaKHO HeOaXKaHUX MyTalliil y
TEHOMi POCJIVHHU, AKi HEOOXiTHO yCyBaTH 3a ITOTOMOTOI0 TPYIOMIiCTKUX
Mpolieyp 3BOPOTHOTO cxpeliyBaHHs [43].

OCKiNbKY TeHEeTUYHMIA aHali3 IIIEHMIII € KOIIiITKOI CIIPaBOIO Yepes
CKJIAJJHUA aJOTeKCAIUIOIMHUIA TEeHOM, MocTaja HEOOXiTHICTh pPO3POOKU
HOBUMX TE€XHOJOTI! MiABUILIEHHS TPOAYKTUBHOCTI OL[IHKU MYTaHTHUX I1O-
nyaduii. Baangolo BiAmoBigao Ha el 3amuT cTajla po3poOKa MpoLeaypu
TILLING (Targeting Induced Local Lesions In Genomes), sika po31Iupu-
JIa MOXJIMBOCTI KJTAaCUYHOTO MyTareHe3y, MPUIIBUAIIMIIA 100ip MyTaHTIB i
CIIPOCTUJIA OIMUC MOJIEKYJISIPHOI TIpUpOAM iHAYKOBaHUX MyTtauiii [44]. B
ocHoBy TILLING mnoxiyiaieHO OTpMMaHHSI MYTaHTHOI TOMYJsIIii 3 BUKO-
PUCTAaHHSIM iHAYKOBAHOTO MYyTareHesy, IepeBaxkKHO XiMiYHMX MYTareHiB,
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TaKUX SIK €TUJIMETaHCYJb(MOHAT, i3 HACTYMHOIO ifeHTUdIKali€0 oTpuMa-
HUX MyTalliil 3a JOIIOMOIOI0 METOAIB MOJEKYJSIpHOI Oiosorii, siki 0a3y-
IOTHCSI Ha KamiJSIpHOMY Ta Trejib-eJIeKTpodope3i, CEKBEHYBAaHHI i CIIpSIMO-
BaHill mii crenudiyHuX epMeHTIB, SIKi 37aTHI BITiI3HABATU MICIS 3MiH y
OHK [45, 46]. Ll1o TexHOJIOTiI0 3aCTOCOBAHO I OTPMMAHHS Ta OIMUCY
MOMYJISILiii MyTaHTIB M’SIKOi I TBepmoi miueHuii [47, 48], a Takox po-
JIWYiB TILIEHULI, TaKuX sIK Aegilops tauschii [49], Triticum monococcum [50].
I3 BukopuctanusMm TILLING Oyio CTBOpeHO JiHil IIIEHMIIi, CTiiiKi 10
O6oporHucToi pocu [S1, 52], 3 MiABUILEHUM BMICTOM B-KapOTHHY B 3€pHI
[53], 3MeHIIEHMM pPO3MipOM KpOXMaJbHUX TpaHyl [54] i BUCOKUM
BMiCTOM aMmino3u B 3epHiBKax [55]. Otxe, TtexHojoris TILLING 3HauHO
po3LIMpUIa MOXJIUBOCTI iHAYKOBAaHOTO MyTareHe3y SIK y rajysi IpuKiIaa-
HOI ceJIeKIlii, TaK i B (DyHKIIOHAIbHIM TeHeTHIl mineHuti [49, 56], aixe He
BUpIlIWIA MUTaHHSI BUOIPKOBOIO BHECEHHS OaxkaHUX MyTalliil, 110 CTajo
METOIO i Mpi€IO IJIS1 KiJIbKOX MOKOJIiHb JOCAiAHUKIB [34].

[lepioro cnpo0oi0 CIIPSIMOBAaHOTO peaaryBaHHSI FeHOMY OyJIO BUKO-
PUCTAHHS OJIITOHYKJIEOTUCIIPSIMOBAHOIO MyTareHe3y [57], sikuii 6a3yBaB-
csl Ha riopuau3anii creupiyHuX A0 LJIBOBOIO I'eHa OJIIrOHYKJIEOTUIIB 3
OIVMHWYHOIO HYKJIEOTHUIHOIO 3aMiHOIO. IIpoTe, He3BaXKaroun Ha BCi 3yCHII-
JIst, el Miaxim He MpuHIC moMiTHMX yenixiB. Huni mist nokycocnenudiv-
HOT'O pefaryBaHHS r€eHOMY HaWMOIIMPEHIIINMU € METOAWKM, 3aCHOBaHI
Ha BUKOPUCTaHHI crieludiyHUX eHIOHYKJIea3: 1) MeraHykieas; 2) HyK-
Jea3, sKi MicTITh «UMHKOBI manbli» ZFN; 3) engonykineas3 TAL
(TALEN); 4) CRISPR-acotiifioBaHux eHjoHykieas (puc. 2).

Meranykieasu Oyau BiagkpuTi B Saccharomyces cerevisiae |58, 59]. 1li
¢depMmeHTH po3mizHaTh A0Bri (moHanm 12 mH) mocaigoBHocTi AHK i
3naTHi iHayKyBaTu po3puBu noagiriHoil JIHK y pociunH. HesBaxkatroun Ha
TOYHICTh Ta €(eKTUBHICTh IIOI'O KJIaCy €HIOHYKJIea3, iX BEJIMKHUM He-
JOJIIKOM € CKJIAAHICTh PeAW3alHIHTY 11 HOBUX LiJIbOBUX MOCJiJOBHOC-
Teil, TOMy MeraHykJjea3u IepeBaxkHO BUKOPUCTOBYIOTh Y (byHIAaMEHTAaJIb-
HUX JOCHIIXKeHHX npoueciB penapauii JHK [60].

Hyxneasn ZFN — 1e riOpunHi OUIKM 3 JOMEHOM pPO3IMi3HaBaHHS
JHK, 1mo cknagaeTbcsl ILIOHAWMEHIe 3 TPbOX <«LMHKOBUX TaIbliB»,
3’€IHAHUX i3 JOMEHOM eHAOoHYyKIea3u pectpukiii Fokl (muB. puc. 2). Ko-
JKEeH «LIMHKOBUI majielb» Bmi3Ha€ i 3B’s13yeThesd 3 JIHK mocnigmoBHicTIO B
Tpu Hykieotuau [61, 62]. ZFN BusiBuinch e(peKTUBHUM IHCTPYMEHTOM
U1 pefaryBaHHsI T€HOMIB 3J1akoBuX [63, 64], xoya yepe3 HEIOCTATHIO
TOYHICTh PO3Mi3HABaHHSI LIJILOBUX ITOCIIZOBHOCTEM i TeXHIUHi CKJIaIHOLLL
Mg yac CTBOPEHHSI HOBUX TiOpUAHMX OiJIKiB BOHM HE HAOYJM 3HAYHOTO
MOIIMPEHHS IJIsl peaaryBaHHSI T€HOMY POCJIMH.

TALEN Oynu BigkpuTi B 0axkrtepisix Xanthomonas, 1¢ BOHU BUKOHY-
I0Thb (PYHKIII0 €(EeKTUBHUX MOJIEKYISIPHUX IHCTPYMEHTIB OaKTepiallbHUX
KJIITUH JJ1s1 3MiHU €KCIpecil TeHiB pOCIMHM-Xa3sliHa yepe3 B3aEMOZII0 i3
MIPOMOTOpaMU pOCAMHHUX TeHiB [65]. [loemHaHHSIM OakTepiaabHUX
TALEN, B gKuxX KOXEH HYKJICOTHH LiiboBoi mnochigoBHocTi JHK
PO3Mi3HAEThCS IEBHUM MOJINeNTUIOM i3 12—13 amiHokuciaor [66, 67], 3
eHIoHyKJIeasHuM goMeHoM Fokl 6ymo ckoHctpyiioBaHo TALENs [68,
69]. Ha ocnoBi TALENS po3po0jicHO e(peKTUBHI MiAX0au ISl peaaryBaH-
Hs reHomy miueHuui [70, 71], 3okpema Ijisl CTBOPEHHS JiHili, CTIHKUX 10
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Puc. 3. OcHOBHI XpOHOJIOTiIUHI €Tary pO3BUTKY METOMIB iHIYKOBAHOTO MyTareHe3y

oopoirHucToi pocu. OnHakK el MeToJ MOTpPeOdye BEJIMKHUX 3aTpaT BUCO-
KokBasi(pikoBaHoi Tpari i 4Jacy, 00 g KOXHOTO HOBOTO JIOKYCYy He-
00XiTHO pO3pOOJITU HOBY Tapy MNOJIMENTUIIB IS B3aEMOJIi 3i cIie-
HU(pIYHAMA TOCTIZOBHOCTIMU HYKJICOTHUIB.

Cucremn penaryBanns renomy Ha ocHoBi CRISPR/Cas. Cmpyxmypa
ma @ynkyionyeanus enoonykaeasnoeo komnaekcy CRISPR/Cas. BripoBan-
JKEHHSI METOAY iHAYKYBaHHS Creuu@iuyHUX MyTalliii Ha OCHOBi €HIOHYK-
neaszHoro komiuiekcy CRISPR/Cas9, crenugiyHicTh SIKOro 3yMOBJI€HA
B3aeEMOJi€l0 KOpoTkoi acouiitoBaHoi PHK 3 kxommieMeHTapHOO TMO-
CJIiJOBHICTIO B TeHOMi [19], 3mifiCHWIIO CIIpaBXHIO PEBOJIIOLII0 B Cy4aCHUX
0i0JIOTIYHUX TOCTIIKEHHSIX.

ITpuponna CRISPR/Cas cucrema, sika cKIaJa€eThCs 3 KJacTepru30Ba-
HUX PEryJIsIpHO TEPEeMEXOBAaHUX KOPOTKUX IMATiHAPOMHUX IIOBTOPIB
CRISPR ta CRISPR-acouiiioBanoro 6inka Cas, (pyHKIiOHYE K (popma
aJanTUBHOIO iMYHITETYy B MHpoKapioTax, 3axuiuarodu ix Big uyxkoi JHK
(rmasmin i dariB). Xoua 6araro pisnux CRISPR/Cas cuctem Oyito Binkpu-
TO B ey0aKTepiil Ta apxeobakTepiii [74], HalIIMUpIle BUKOPUCTOBYIOTh IS
pizHomaHiTHUX 1iieit CRISPR/Cas9 i3 Streptococcus pyogenes (SpCas9).
SpCas9 mae nBa katamiTuunux goMmeHu (HNH Ta RuvC), gki cnpuynHio-
1oTh aBoaHmiorosi po3pusu (DNA double-strand breaks, DSBs) Ha Bim-
craHi 3 mH 3 5' KiHLA Bim MOTUBY, 110 MexXye 3 uiiboBoro JIHK (proto-
spacer-adjacent motif, PAM, 5-NGG-3") abo npotocrieiicepom [19]. durst
pobotu pepmenty Cas9 HeoOXigHi Takox nBi kopoTki PHK: 1) CRISPR
RNA (crRNA), gka TpaHCKpuOYyeTbcsl 3 TIOCTIIOBHOCTI crmelicepy i
Mictuth 20 HYKJIEOTUAIB, TOTOXHMX MpOTOCIIeiicepy; 2) TpaHCAaKTUBYIOUa
CRISPR PHK (trans-activating CRISPR RNA, tracrRNA), ska ctabi-
JIi3ye cTpyKTypy pudonykieonporeiny (PHII). €auna nanpasnsioua PHK
(HPHK, single-guide RNA, sgRNA), ctBopeHa 3auttsiM tracrRNA i
crRNA, 3matHa cripssmoByBaTu Cas9 no uinboBoi JIHK [19] i € ocHOBO0O
(byHKITiIOHYBaHHSI CyYaCHMX CHUCTEM peJaryBaHHS €yKapiOTUYHUX T€HOMiB
(puc. 3). [HaykoBaHi ABOJAHIIOTOBI PO3PMBU B KJIiITUHI MiAJIsraloTh perna-
paiii nBoMa LUIsSXaMu: 1) HEroMoJIOTiYHMM OO’€IHaHHSM KiHIIIB (non-
homologous end joining, NHEJ), 1o npusBoguth 10 iHcepliii adbo ne-
geuin (InDels) y wmicui po3puBy i K HacHigoK A0 BTpaTu (yHKIIil
HOKayTOBAaHOTO T€Ha; 2) BUCOKOTOYHOIO T'OMOJIOTIYHOIO peKOMOiHAalli€lo
(homologous recombination, HR).

Moodughikosani ma asemeprnamueni eapianmu endonyxaeasu Cas i3 po3-
WUPEHUMU MOJICAUBOCMAMU 3ACMOCYB8AHHS. 3aMiHOIO KiJIbKOX aMiHOKHMCJIOT-
HUX 3aJIMIIKIB MPUPOAHOI eHmoHykJeasn SpCas9 Oyno CKOHCTPYilOBaHO
BucokoTouHi noxigHi (eSpCas9 (1.0), eSpCas9 (1.1) ta SpCas9-HFI1) 3
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BHUILLIOIO crietnudiuHicTioO 10 HinkoBoi JAHK, sgKi He BUSBASIOTH aKTUBHOCTI
rmosa mnporocrmeiicepoM [75, 76]. CKOHCTPYIHOBAaHO TAKOX E€HIOHYKJIea3y
SpCas9-NGvl, sgka BmizHae kopotmmit PAM 5'-NG-3' ii edeKTuBHO
po3spizae uinvoBy JJHK [77]. HelnonaBHo 3’SIBUJIOCH MOBiZOMJIEHHS PO
cTBopeHHs BapiaHTa Cas Hykiea3u SpRY 3i 11e MeHIIMMU OOMeXKEeHHSIMU
y nobopi caiTiB g penaryBaHHs [78].

KaranitTuuHo HeakTuBHa «MepTBa» Cas9 (dCas9) yepe3 HasIBHICTh
MyTauin B 060x momeHax HNH ta RuvC ab6o nikaza Cas9 (nCas9), ska
Ma€ MyTallilo JHWIle B OZHOMY 3 JOMEHIB i pPOOUTL OIHOJAHIIOTOBUIA
po3pi3z JIHK 3amicTh ABOJIAHIIIOrOBOro, 34aTHI BIidHaBaTu wiaboBy JTHK.
Ix mrmpoxo 3aCTOCOBYIOTh B 0araTbOX HampsMax: IJis PeryJsiii TeHiB, pe-
JaryBaHHSI OCHOB, €ITIr€HETUUYHOrO peJaryBaHHs Ta TOIIOJIOTii XpOMaTUHY
[79, 80]. 3murtsa dCas9 i3 TpanckpumnuiiiHuM aktuBaTopom (VP64, EDLL
abo TAL) uu perpecopom SRDX mae 3Mory perymoBaTH piBeHb TpaHC-
KpUIILil eHaoreHHuxX reHiB [81, 82], 3nutra 3 auetuinTpaHcdepaszoo adbo
JIEMETUJIa3010 TICTOHIB — PEeryJloBaTh €KCIIPECilo TeHIiB Ha €Iire HeTUIHO-
My piBHi [83]. ¥V pe3synbrari 3muTTa Hika3u nCas9 i3 HUTUANHIEe3aMiHA3010
[84, 85] abo ameHosuHme3amiHazomw [86, 87] C nepeTBoproeThes Ha T abo
A Ha G, It MmyrareHe3 BiIOyBa€ThbCsS BHACHIIIOK pelaryBaHHSI OCHOB Y
uinpoBiit minsHIi JHK 6e3 BcraBOK Ta menewiit (ouB. puc. 2, e, d).

MeTton yHiBepcaJlbHOIO penaryBaHHs (prime editing, auB. puc. 2, e),
KU Ja€ 3MOry 0Oe3rmocepeaHbO BCTABISITH HOBY T€HETUUHY IOCIiAOB-
HicTb B o0pany ningHky JIHK, Brepiie OyB 3actocoBaHuil Jisl KJIITUH
moaubHu [73]. 3a uum metomom, nCas9, 31uTa 3i 3BOPOTHO TPAaHCKPUII-
Tazolo, kepyeTrbcss pegRNA (prime editing guide RNA), sgka Bu3Hayae
LJIbOBUI CalT TeHoMYy i kojaye OaxkaHe penaryBaHHs [88, 89]. Metonom
YHiBepcaJbHOrO pelaryBaHHs y TIIEHUIl Ta PUCY BIAJOCS FeHepyBaTU BCi
TUITM HYKJIEOTUIHMX 3aMiH, 11O MpUBeEJO 10 jaeneuiit 1o 40 mH Ta BOymO-
BYBaHHS ITociigoBHOCTeH 10 15 mmH [90].

Hesxi Cas9 eHnoHyK/ea3y, BIIKPUTI B iHIIMX BUAIB OaKTepili, MEHIIIi
3a po3mipoM, Hixk SpCas9, ska cknamaerbes 3 1368 amiHokmcnoT. Tak,
CjCas9 i3 Campylobacter jejuni mictuth 984 aMiHOKMUCIOTHUX 3aJIMIIKKA
[91], NmCas9 i3 Neisseria meningitides — 1082 [92], SaCas9 i3
Staphylococcus aureus — 1053 [93], mpoTe BCi BOHM MOTPeOYIOTh CKJIAI-
Himmx PAM: 5'-NNNNACAC-3" mra CjCas9, 5S'-NNNNGATT-3" misa
NmCas9, 5'-NNGRRT-3" mig SaCas9, 110 Hakjagae meBHI 0OMeXEeHHSI
Jis noinyky uinboBoi JIHK, mpoTe 3MeHllye BipOrigHiCTh peaaryBaHHS
HeuiboBoi JJHK.

Kpim Cas9 3acTocoByioTh e KiJibKa eHaoHykiaea3: Casl2a (paHilie
Bimoma gk Cpfl 3 Acidaminococcus sp., Lachnospiraceae bacterium i
Francisella novicida) [94], Casl3a (abo C2c2 i3 Leptotrichia wadei) [95],
Casl3b (C2c6 i3 Prevotella sp.) [96], EsCasl3d i3 FEubacterium siraeum
[97]. AsCasl2a ta LbCasl2a marTb Juille OAWH KaTaJiTUMHWIA TOMEH
RuvC i3 JIHKa3H010 aKTHUBHICTIO, ST CBOEI poOOTU ITOTPEOYIOTH JIWIIIE
onHiei crRNA, BmizHatots PAM 5'-TTTV (A/C/G) -3’1 pospizatots JHK
3 3' xiHug Bim PAM, dopmyloun «mmnki» KiHui. Taka cnenngivHicTb
Casl2a na Bigminy Cas9, mo morpedye HasBHOCcTIi G + C miIIHOK st
BITi3HABaHHS, MOXe OyTM KOPUCHOIO MPU HEOOXiIHOCTI pemaryBaHHS pe-
IyasaTopHux, 30arayeHux A + T ginsiHok reHomy [98]. Poauna Casl3 Hyk-
snea3 — e PHKasu, gxi Hecrrenmdiuno nerpanytots PHK micnsa cnenm-
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¢iuHoro 3B’s13yBaHHs 3 mocaigoBHicTiO LinboBoi PHK. Casl3 Hykiieazu
MOXHa BUKOPUCTOBYBATHM JUISI 3aMOBUYBaHHSI T'€HIiB Ha TMOCTTPAHCKPUII-
LiiiHoMYy piBHi [95, 96] a6o mist 6opoThdbu 3 PHK-Bipycamu [99].

Excnpecia i docmasxa xomnonenmie CRISPR/Cas9 ma niomeepoiicenns
ompumanux mymayii. JIsi penaryBaHHsI TEHOMY MIIEHUII BUKOPUCTOBY-
I0Th KogoHonTuMizoBaHUil Cas9, sIKuii MiCTUTh SIAEPHUIA CUTHAJ JIOKaJli-
3artii. s tpanckpunilii reHa eHnoHykieasn Cas9 PHK-nomimepasoro 11
HaJacTillle BUKOPUCTOBYIOTh IpomMoTopu CaM V35S abo ZmUbi, Tomi siK
HPHK ekcnpecyerbest PHK-nionimepazorw III (mepeBaxkHo miag KOHTPO-
gem U6 abo U3 mpomoropiB). MPHK SpCas9 ta HPHK moxyTh Takox
TpaHCKpUOyBaTucs SIK eauHuit TponykT, eanHa PHK 3a nonomoroto npo-
motopa PHK nonimepasu 11. Ilicis tpaHcaswii 6i1ok SpCas9 3B’ s13yeThCs
3 nieto PHK i «3aiiBi» nmocninoBHocti PHK BigpizaloTbcsl cucreMoro a0-
gpiBanHg PHK, B pesynabrati yoro hopmyeThes nie3gaTHUil pubOHYKIIEO0-
npoteiHoBuil komIuieke SpCas9-sgRNA [100, 101].

CRISP/Cas Moxe omHOYAaCHO penaryBaTv KijibKa ILiJIbOBMX IOCiI0-
BHOCTEI, BUKOPHUCTOBYIOUM OJHY BEKTOPHY KOHCTpyKIlito. Kimbka HPHK
MOXKYTh OyTH 3aKOJO0OBaHi y BEKTOPi SIK OKpeMi TpaHCKPUMILIiHI OTUHULIL
abo B moiuucTtpoHHi dopmi [102]. IngusingyansHi HPHK 3 nmominuc-
tporHoi PHK moxHa oTpmmaTui 3a mormomoroio (epMeHTIB, 110 po3pisa-
1otb PHK, nanpuxkman takux, gk: 1) ¢pepmentu npouecunry TPHK, gxi
MICTATBbCS 1 (YHKLIOHYIOTh y pociauHHiin kmituni [103]; 2) CRISPR-
acoliitoBaHa enmopruoonykieasa Csy4 i3 Pseudomonas aeruginosa, siKy Tpe-
0a excrnpecyBatu ogHoyacHo 3 HPHK B kiituni [104]; 3) pubo3umu, siki
MalTh Oyt 4vactuHowo nogiuuctpoHHoi PHK [105]. InauBigyanbHi
HPHK y cknani moginuctpoHHoi ¢hopMU BiIOKPEMJTIOIOTh OIHY BiJ OJHOL
cailTaMu JUIsl pO3Ili3HABaHHSI LIMMU eHIopuOoHyKIeazaMu (20—28 H mis
Csy4 nykneasu [106], 15 1 ais pubo3umiB a6o 77 H mid hepMEHTIB Ipo-
necunry nipe-TPHK [102]). ®ynkuionamsHicth HPHK, orpumanux i3
nojinuctpoHHoi PHK 3a gormomororw Csy4 puboHykiea3u abo €eHIOTreHHOL
cuctemu npouecuHry npe-TPHK, Oyna moBeneHa B gochigax i3 penary-
BaHHsIM reHoMy meHuii [107]. IHmmMM mimxogom uisi OTpUMAaHHS
¢yukuionanpsHoi HPHK 3 mominuctponnoi PHK € xnonyBanHs ii 9K
iHTpOoHY B reHi Cas9 [108].

[epuri ycminHi mocniay i3 BukopuctanHsiM texHosorii CRISPR/Cas9
JUIs pefaryBaHHSI T€HOMY TIIIEHUIII OyJaM MpOBeJeHI Ha MpOTOoIlIacTax
cnocobom ITTET-omocepeakoBaHoi TpaHcdekilii. 3acTOCyBaHHSI KYJIbTypU
MPOTOIIACTIB 3aJIMIIAETHCSI OCHOBHUM METOAOM JIJIsI TIATBEPIKEHHST (PyHK-
mionyBaHHs1 CRISPR/Cas9-cuctemu ta TecTyBaHHS i1 TTOpPiBHSIHHS eheK-
tuBHOCTi pizHux HPHK [101, 109—113]. Hna npoctaBku CRISPR/Cas9-
CHUCTeMHM TaKOX BMKOPUCTOBYBAJIM eJeKTporiopailito Mikpocrnop [114],
Agrobacterium-ornocepeikoBaHy TpaHCdopMallil0 KITAH CYCHEH3iiiHO1
KyaeTypu [115] Ta GoMOapayBaHHSI MiKpoyacTOYKaMU amiKaJbHUX MEPU-
cteM [116]. TIpoTe a1 OTpMMaHHS MYTAHTIB MIIEHMIII HaiyacTillie BUKO-
PUCTOBYIOTH HE3pPiJli 3apOoJKM a00 OTPUMAHHMIA 3 HUX KaJlloC yepe3 iX BU-
COKMI1 pereHepauiiHuil moTeHUial. PocaiuHu mileHuIi 3 peJaroBaHUM
TEHOMOM OTPUMAaHO SIK i3 BUKOPUCTaHHSAM Agrobacterium [117, 119], Tak
i 6iomictmynum metomoM [85, 101, 107, 112, 118].

Gil-Humanes Ta cniBaBTopu [101] cTBOpuMIM perulikaTUBHI BEKTOPU
JUISI pelaryBaHHsI TeHOMY 3€pHOBHX i3 BUKOPUCTAHHSM €JIEMEHTIB TEHOMY
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Bipycy KapaukoBocTi mueHuli (Geminiviridae). Ekcripecist pernopTepHoO-
ro TeHa IIPW 3aCTOCYBaHHI TaKOTO peIUTiKaTUBHOTO BeKTtopa B 110 pasiB
BHMIIIA, HiXK TTPU BUKOPUCTAHHI HEPEIJTIKaTUBHOIO KOHTPOJIBHOI'O BEKTO-
pa. IlokazaHo Takox, 110 pertikatuBHi BekTopu i3 CRISPR/Cas-cucre-
MOIO 301IbIIYIOTh €(PEKTUBHICTD pelaryBaHHsS TEHIB y KIIITUHAX KaJllocy i
MpoTOoIlIacTax IMIIeHULi Oinbl 9K y 12 pasis.

Ogpniero 3 mepeBar CRISPR/Cas-cucteMut € MOXIUBICTh OTPUMAaHHS
POCIMH i3 MyTalli€o, 110 YCIIaJKOBYETLCS, B LIJIbOBOMY I'eHi 0e3 iHTerpa-
uii BekropHoi JIHK y renom [111, 112]. Take cnpsimoBaHe penaryBaHHsI
reHoMy 3a0e3IeuyeThCcsl TpaH3MEHTHOIO ekcripecieio Cas Ta HPHK npu
oombapayBaHHi JIHK BekTopamu 0e3 momaibllol CeJeKIlii TpaHCTeHHUX
kiiTuH. CRISPR/Cas9-cucrema Moxe gocTaBasiTUcst 6i0JiCTUUHUM METO-
noM He nuine y Buriaai JJTHK BekTopiB, a i y BUIISIAI pMOOHYKIIEOTIPO-
teiHoBoro komriurekcy (PHIT) abo sx cymimt MPHK mis tpancasuii Cas9
ta HPHK, 1110 Mpr3BOAUTH 10 YTBOPEHHSI MyTAaHTHUX POCJIMH O€3 TPAHCTEHIB
[112, 120]. 3acTtocyBanHs PHII-koMniekcy misi pemaryBaHHS A€ 3MOTY
3HAYHO 3HU3UTHU YaCTOTYy MYTallill 11032 ILJIbOBOIO MOcHiaoBHicTIO [112].

CRISPR/Cas-inngykoBaHuil MyTareHe3 3a3Buyaii IIpU3BOAUTH 10 BU-
HUKHEHHS iHCepIili i IeJeliil y UTbOBOMY CaiiTi, SIKi JETEKTYIOTb PO3pi-
3a"HHsaM [1JIP-niponykty depmentamu pectpukiii, T7EI-Tect, cekBeHyBaH-
HsiM 3a CaHrepoM, CeKBEHYBaHHSIM HOBOTO ITOKOJIiHHSI, aHaAIi30M KPUBUX
IUIaBJIEHHST 3 BMCOKOIO po3fdinbHoo 3maTHicTio (high resolution melting
analysis), KaImiJIIpHUM Teab-elieKTpodope3om, diyopecueHntHoo ITJIP (flu-
orescent PCR-capillary gel electrophoresis) Ta kinbkicHotwo ITJIP [121].

3acrocyBanna cucremu CRISPR/Cas nns pemaryBanHsi reHOMY Iiie-
Huni. I[lepimMuy reHamu, sKi pegaryBajiyd B T€HOMI ITIIEHMIII 3a JOIIOMO-
roro CRISPR/Cas9-cucremu, Oy reHn ¢itoeHaecaTypa3y Ta Jurigpodiia-
BaHO/I-4-AecaTypa3u 4depe3 JErKiCTh JeTeKIlii MyTallil B HMX, OCKIJIbKU
BOHU TIPU3BOAATH A0 (popMmyBaHHS anbObiHOcHUX pociauH [109, 110, 115,
118]. Tlomanpluni 3ycwaig Oyau CHOpsSMOBaHiI Ha TOWIYK i OJIOKYBaHHS
TEHiB, eKCIpecis SIKMX HEeraTMBHO BILJIMBAE HA BaXXJIMBi arpOHOMiYHi 03-
HaKM, Taki K ypoxKalHiCTb, Xap4yoBa LiHHICTb, CTiKiCTh JO MATOTeHIB i
abioTMYHUX cTpeciB (puc. 4).

1lidsuwennsa eposxcaiinocmi. 11106 30iAblIMTH pO3Mip i Macy 3epHa,
SIKi € BUpilIaJbHMMU CKJAAOBUMMU BpPOXKAWHOCTI MIIEHULi, CUCTEMY
CRISPR/Cas9 3actocyBayu 10 IeHiB, €KCIIpecis SIKMX BILUIMBA€ Ha IIi I1O-
kasaukn: TaGW2 [107, 111, 122], TaGW7 [123], TaGASR7 [111, 112,
116], TaDECI, TaNAC2, TaPINI [111].

Ilicns pemaryBanHs reHa TaGW2, mo kKonye yoikBiTunmaiazy E3 [107,
111, 122], T1 pocauHu 3 MyTalisIMU B YCiX TpboX ajiesisix reHa TaGW?2 i
TeHOTUIIOM aabbdd mamm 3epHO 3i 3HAYHO OUTBIIMMM Macolo i po3Mipom
nopiBHsIHO 3 BuxigHuM copToMm [107]. Ilpu penmaryBanHi TaGW7-B i
TaGW?7-D romonoriB 30i1bLIyBIMCS IIMPUHA 1 Maca 3epeH, ajie 3MeHIIY-
Bajacs ix goBxkuHa [123].

TaGASR7 — mpencraBHuUK pomwHu Snakin/GASA, nop’sa3aHnii i3
pocTOM 3epHa y noBXuHYy. [licis GiomictnyHoi TpaHchopMallil amiKaTbHUX
Mepuctem BekTopoM 3 CRISPR/Cas9 nnsa pemaryBanHsi reHa TaGASR7
OyJI0 OTPUMAHO POCIAMHHU 3 MyTaHTHUMHU ajeiasmu [116]. TpansueHTHa
ekcnpecist Bektopa 3 CRISPR/Cas9 ta BukopucrtanHs PHII-komrmiekcy
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fnepHa yonosiya CTEPUNbHICTb
[117, 139]

IMyHiTeT Ao GopolHucTol

‘ pocwu [111, 118,123, 130]

OnTumisauis
CTBOPEHHS
ribpugis

CTiltkicTb Ao

naToreHis
rannoinaykuis [141, 144] «

3HWKEeHHS iIMyHOPEeaKTUBHOCTI
AN nogen i3 ueniakieo

[126,127] ﬁ MoninwerHs
Xap4oBoT
LiHHOCTI

MocyxocTinkicTb Ta
-/ MoninweHHa edekTuBHICTL
BUKOpUCTaHHA Boau [112]
arpo-
TEXHOMNOrYHUX \
XapakTepucTuk

BrokyBaHHs nepeaYacHoro
NPOpPOCTaHHA 3epHa B Komnoci

‘ [130, 136]

CrinkicTb Ao repbiumais
[85, 87, 113]

MiaBuLEeHHA
BPOXKalHOCTI

&

36inbleHHA po3Mipy i Macu 3epHa 36inbleHHA AOBXWHM Konoca Ta KinbKocTi
[107, 111, 116, 122, 123] 3epHIBOK Y HboMy [86, 111, 125]

3MiHa cknagy kpoxmanio [129]

Puc. 4. CxemaTuuHe 300pa’keHHSI HaWBaXIMBIIIMX HAIpPsSMiB 3aCTOCYBaHHSI CHCTEMH
CRISPR/Cas ans HagaHHSI TMIIEHMIII HOBUX IMOJIMIIEHMX BIACTUBOCTEN peaaryBaHHSIM
TeHOMY

CRISPR/Cas9 BusiBuIMCS TaKoX BUCOKOEMEKTUBHUMMU IJISI pedaryBaHHSI
reHa TaGASR7 [111, 112].

I'en DEPI (dense and erect panicle 1) Kogye ogvH i3 BapiaHTiB raM-
Ma-CyOOIMHULII TeTepoTpuMepHOTo Oika G, IKuii 6epe ydacTb y perymto-
BaHHi apXiTeKTOHiKU POCIMH, KiJILKOCTi 3epeH y BOJOTI, MOTJIMHAHHI a30-
Ty Ta ctilikocTi 10 ctpecy [124]. Buxkopucranus cuctemu CRISPR/Cas9
y puci ang pegaryBaHHs DEPI npu3Besio 70 3MEHIIEHHST BUCOTU POCINH,
BKOPOUYEHHS BOJIOTi Ta 30iJbLIEHHS KiAbKOCTI 3epeH y Hiil [125]. Husa
penaryBaHHsi reHa TaDEPI mnuieHulli BUKOPUCTOBYBAJIU CUCTEMY
CRISPR/Cas9 [111] Ta ameHOo3uHAe3aMiHa3y, 3AUTYy 3 Hikazow SpCas9
[86], B pe3ynbTaTi 4Oro oTpMMaii MyTaHTHI pOCAMHM 3 yacToToo 21 1 %
BIATIOBiZHO.

IIpu penaryBanHi cuctemoro CRISPR/Cas9 reHa TpaHCKpUIILIIAHOTO
dakropa TaNAC2 ta rena TaPINI1 (PINFORMED]I), axuii Kogye TpaHC-
MeMOpaHHUM OiNTOK, 3adiTHUI Yy eMOpioreHes3i Ta pO3BUTKY €HIOCIIEpMY,
OTpUMAJIM TE€TEPO3UTOTHI MYTaHTHI pOCAMHHM 3 dYacTororo 2 Ta 1 %
BignosigHo [111].

Onmumizauis xapuoeoi yinnocmi. lleniakiss — ayToiMyHHE 3aXBOPIO-
BaHHS, 10 BUKJIMKA€E XPOHiIUHE 3amajieHHSI TOHKOI KMIIKU, IOLIMPEHE Y
1—2 % moncTBa, CIPUYMHIOETHCS IMyHOTEHHUMM EIiTONaMU, sKi Mic-
TSITBCS B O-, Y- Ta ®-TJiaAWMHAX MIIeHUII. [JTiafuH1 MIIEHUIII KOIYIOThCS
POAMHOIO CIOPIAHEHUX TeHiB, SIKi HaJIUyIOTh AECSATKM YICHIB, 110 3HAY-
HO YCKJAQAHIOE 3aBJAaHHS iX HeuTpajizauii. 3acToCyBaHHSIM TEXHOJIOTIl
CRISPR/Cas9 otpumaHO MIIEHUIIIO 31 3HUXKEHUM PiBHEM iMyHOTE€HHOCTI
[126, 127]. B poGorTi [126] aBTOpM BHECaIM MyTallii B 35 reHiB o-IJianHiB,
YHACJIiJOK 4Oro iMyHOpPeaKTHMBHICTh OOpOLIHA JJIs CIOXMWBayiB i3 Leia-
Kiero 3Hu3wiIach Ha 85 %. B poboTi [127] oqHOYACHO BHKIIIOYEHO IPYIU
TeHiB, 1110 KOAYIOTh 0~ i y-TiiaguHu. He3Baxkatoun Ha MOMITHUI TIporpec,
penaryBaHHS POIMHM IJIiaAMHOBHUX T€HIB IIOKM 1[0 BEAE IO CTBOPEHHS
JIIHIA TIIEeHUL|, SKi MICTATb CYyMilll MOIIKOIXKEHUX, BUAAJIEHUX Ta iHTaKT-
HUX TeHiB, TOMY B CBiTi TPMBAa€ iHTEHCHMBHA POOOTa 3i CTBOPEHHS COPTIB
MNuIeHuLi 0e3 iIMyHOIreHHUX EMiTOIiB, y SIKMX 30epexkeHi Xjai0ornekapchKi
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SIKOCTi, 1 TeXHOJIOrii peaaryBaHHsI T€HOMIB BifirpaloTh KJIIOYOBY pOJb Y
mpboMy Tiporeci [128].

IIle ogHMM MOpUKIAAOM TIOJIMIIEHHS Xap4yoBOi1 LIHHOCTI O3UMOI
Ta spoi mNiIeHulli € penaryBaHHs reHa TaSBEIIa 3a gomomMororo
CRISPR/Cas-cucremn. OtpumanHo cepito MyTaHTIB [129] 6e3 mocmimo-
BHOCTEI TpaHCreHiB, mpoTe 3 MmyTauismMu TaSBEIla B ogHOMY 4 BCix
TPpbOX CyOreHoMax IileHuli. B 3epHi TaKMX MyTaHTiB 3HAYHO 30iJbLIEHUN
BMICT aMmijio3u, CTiAKOro Kpoxmasto, OiJika Ta NeHTO3aHy, SIKi MO3UTUBHO
BIUIMBAIOTh HAa 3J0POB’S JIOAWHMU [3], a OOPOIIHO JIiHIM MIIeHU 3 iHIy-
KOBaHMMU MyTallissMu B TeHi TaSBEIIa mano ToJiMeHi xai0omneKapchKi
BiacTuBOCTiI [129].

Cmitikicmb 0o hamoeerié i wKionukie. POCIMHY TTOCTITHO KOHTaKTYIOTh
Ta iH(QIKYIOTbCS Pi3HOMAHITHMMMU ITaTOreHaMM, TaKMMH $SIK Bipycu, Oak-
Tepii, TpubM, HEMATOAU. XBOPOOU, 30yTHUKAMU SKUX BOHU €, CIIPUYUHIO-
IOTh 3HAYHi BTpaTU SIKOCTIi Ta KiJIbKOCTi BpOXKaro, TOMY CTiMKiCTb POCIUH 10
MaTOreHiB i LIKiIZHUKIB € iX BaXXJIMBOIO arpOHOMiIUHOIO O3HAKOIO.

«BumkHenHsi» rena TaMLO (mildew-resistance locus, 1m0 Komye
TpaHCMeMOpaHHUM OiTO0K, JIOKaji30BaHUI Yy ILIa3MalieMi) peaaryBaHHSIM
NPUBOIUTL 1O 3aXUCTy Big OOPOIIHUCTOI POCH, 3YMOBIEHOI Blumeria
graminis f. sp. tritici. Ommcano pemaryBanHss CRISPR/Cas9-cucremoro
anenst TaMLO-Al B pocanHax miIeHUIi 3 yactororo 5,6 % [119]. I'enu
ninokcureHas Talpxl ta TalLox2 Oynu Takox oOpaHi $K Liib IS peaa-
ryBanHg [85, 107, 110, 111, 114, 130]. JlimokcureHasu TrigpoJii3ytoThb MOJi-
HEHAcH4eHi XXUPHi KUCIOTH i PO3MOYMHAIOTh OIOCMHTE3 OKCUJIIMiHIB, SIKi
BifirpaloTh MOMITHY pPOJib B aKTUBALlii 3aXMCHUX peaklliii poclIuH, ornoce-
PENKOBAHUX >KACMOHOBOIO KUCJIOTOI0. biokyBaHHS ekcrpecii reHa Talpx-1
3a0e3Mevye CTiKicTh MiueHuli 1o Fusarium graminearum [131]. MyTaHTHI
pocauHu nueHuui no reny TalL OX2 orpuMadi i3 yacrorow 9,5 %, ce-
pel HUX TOMO3WTOTHI MyTaHTU cTaHOBWIM 44,7 % [111]. TexHomoriio
CRISPR/Cas9 Takox YCIIIIHO 3aCTOCOBAHO [Jisi OTPUMaHHSI POCIMH
nmuweHuli 7Taedrl ogHoYacHO0 MoOAM@IKALIIEID TPHOX TOMOJIOTIYHUX T'eHiB
mueHui EDRI (enhanced disease resistance 1). EDRI — Raf-momioHa Mi-
TOreHaKTHUBOBaHa IpoTeiHkiHaza (MAPK3) — myke BUCOKOKOHCEpPBAaTUB-
Ha B MeXax POCAMHHOIO LIapCTBa i BUKOHYE HETAaTHMBHY PETYJIALi0 B 3a-
xucHux peakuisgx [132]. Orpumani myraHtHi Taedrl pocivHM CTiliKi 10
OOPOILITHUCTOI POCH i HE BUSBIISIJIN 3aru0elTi KJIITHUH, iHIYKOBAHOI TaTore-
HoMm [133]. Inwmii mpuxknaa peparyBaHHs reHa MAPK3, a came reHa
TraesCS4A02G 110300, otmcamm Kamiya Ta criBaBTopu y 2020 p. [130].

Iloninwenus azpomexnonoeiunux xapakmepucmux. CTiAKIiCTb 10 repOi-
LIUAIB € BaXJIMBOIO O3HAKOIO JIJI Cy4YaCHMX arpOTEXHOJIOTii. AlIeTOIaKTaT-
cuHTaza (ALS) — mepiuuii (hepMeHT GIOCHHTE3Y PO3ralyKeHUX aMiHOKMC-
JIOT y IJIacTUAAX — MillleHb JUISI TepOiluaiB 1’ ITU KjaciB (iMina30J1iHOHIB,
CyIb(GOHIJICEYOBUH, TPia3oJOMipUMIAMHIB, MNipUMiIWHINTIOOEH30aTiB Ta
cyiabdoHiaMiHOKapOOHiNTpra3oaiHOHIB). TouykoBi 3aMiHU y (epmeHTi
MOXYTb 3a0e3reuynT GOpMyBaHHS CTIMKOCTI A0 umx repoiuuais. Tak,
NpU 3aMiHi aMiHOKMCJIOTM TIPOJIiIHYy Ha CepMH y ToJioxeHHi 174 (ALS-
P174S) BuHUKAE CTIHKICTh OO TepOIMUIiB Kjacy cynbdoHiicedoBuH. Pe-
JTaKTOp OCHOB, SKMi ckKiagaBcs 3 Hikazum Cas9, 31uToi 3 HUTUAWHIL3-
amiHazoro moauHu APOBEC3A Tta iHribiTopoM ypalMIriIiko3uiaasu,
OyJsio BUKopucTaHo 1jist penaryBaHHs TaALS [85, 87]. Pocnumuauy mmeHui
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3 MmyTauiero B reHi TaALS-PI174S orpumMaHO 3 BHCOKOIO YacTOTOIO
(22,5 %). ABi pocIVMHU Maju pPeJaroBaHUMM BCi IIICTb aJiejliB i BUSIBJISUIN
CTIMKiCTh A0 HiKOoCynb(ypoHy [85]. I3 BUKOpHUCTAaHHSM BEKTOpa 3 reHaMU
nBox HPHK, gaxi BmisHaBaim TaALS-P174S ta TaALS-G631, oTpruMaHO
MYTaHTHI POCJIMHM, CTiliKi SIK IO CyJIb(OHIJICEYOBMH, TaK i IO iMiga30ri-
HoHiB [87]. OmHouacHe penaryBaHHsI TaALS-P174 ta TaACCase-A1992
OpUBOAUIO OO0 (POPMYBAHHS CTiHKOCTI 10 HiKOCYJIb(MYpOHY i KBizaniodo-
ny. OcraHHiil repOiuua € iHriditopom aunerus-CoA-kapbokcuiazy —
KJIIOYOBOTO (hepMEHTYy B OiOCMHTE3i JIiMigiB Yy pociauH. Po3moyaTto Takox
pobOoTy 3 pegaryBaHHsS TeHa €HOJMipyBinlIMKiMaTdocdarcuHTeTazu
(EPSPS) mmenuui, myrantHa ¢opma EPSPS criiika 1o rep6inuais mm-
pPOKOTO cIieKTpa Jii, SKi mMicTarh riigocart [113].

AOiOTHYHI cTpecH, Taki K Iocyxa, 3aCOJIEHICTh I'PYHTIB Ta €KCTpe-
MaJIbHi TeMIIepaTypy, IIPU3BOISTH 10 3HIDKEHHS BPOXKar0 yepe3 Baau poc-
Ty i PO3BUTKY pociauH. KpiM Toro, uepe3 i YUHHUKU 3 KOXHUM POKOM
3MEHIIYEThCs Tuioia opHux 3emesb. Cuctemy CRISPR/Cas9 Bukopucro-
ByBanu s penaryBanHs reHa TaCer9 (ECERIFERUMY), 110 noiniuumio
MOCYXOCTIHKICTh Ta €(eKTUBHICTh BUKOPUCTAHHSI BOAU POCIMHAMMU TIIIIE-
Huui [112]. ¥V A. thaliana mytauist reHa Cer9, axuii xomye E3 y0OikBi-
TUHJIITa3y, NpuBea 10 MiABUILEHHS KiIbKOCTi 18-ByriielieBUX MOHOMEPIB
y CKJIaAi KYTMHY Ta JOBTOJAHLIIOroBUX XupHUX kucior (C24, C26) y Ky-
TUKYJISPHOMY BOCKY, 1[0 OB’ SI3YIOTh 3 TTOTOBILEHHSIM KYTUKYJIM Ta MOCY-
xocTifikictio [134].

MonentoBaHHs Yacy LIBIiTiHHS i OJIOKyBaHHS IlepeadacHOro Ipopoc-
TaHHSI 3€pHA B KOJIOCI TaKOX € IPEeIMETOM IHTEHCHUBHUMX IOCJiIXKEHb i3
BUKOPHUCTAHHSIM peJaryBaHHs T€HIiB y Pi3HUX POCIMHHUX cucreMax [135].
SlckpaBuM MpUKIAZOM pedaryBaHHSI TeHa, 10 Bimirpae BaxKJIMBY pOJb Y
JO3piBaHHI HacCiHHS TMIUEHULi, € Mpali SMOHCHLKUX AochigHuKiB [130,
136]. ¥ pesynbrati 6yioKyBaHHS reHa Ta(Qsd] BOHU OTpUMAJIM POCIUHU 3
MyTallisIMU B yCiX TphoX cyoreHomax. Ilpu cxpelilyBaHHi 3 BUXiTHUM Ie¢HO-
™mnomMm AABBDD oTpuMaHO MyTaHTHi retepo3urotu AaBbDd, sxi He
mictiomm [JHK BeKTOpHOI KOHCTPYKIIii; TPUA MOTAJBIIIOMY CXpPEllyBaHHiI
Oyau oOTpuUMaHi ¥ MJOCHIIXeHI BCi TOMO3UIoTHiI BapiaHTu (aaBBDD,
AAbbDD, AABBdd, aabbDD, aaBBdd, Aabbdd, aabbdd), cepen sixux aabbdd
MaB 3HAYHO JOBILIUK TEpiof CITOKOI HACiHHS i He MPOPOCTaB Iepeavac-
HO y KOJIOCI.

Hoesimui mexnonoeii ons cmeopents 2ibpudie. OTHUM i3 HalTiepcrieK-
TUBHIIUMUX CITOCOOIB MiABUILEHHS BPOXAKHOCTI € BUKOPUCTAHHS TlepeBar
reTepo3ucy (TiOpUIHOI CWIM) BHAC/iAOK BUPOOHMITBA TiOPUIHUX KYJb-
Typ. I'eTepo3uc Moxe MiABUIIUTY BpoxKail mueHuli oiabi gk Ha 10—20 %
[137]. BukopucraHHsI BChOTO ITOTCHIIIANTY TeTepPO3UCY YCKIATHIOETHCS Ue-
pe3 HU3KY OioJIOTIUHMX i TEXHIYHUX 3aBaj, HacaMmIiepend lie camo3arulii-
HEHHS, OCKIJIbKM MIIEHUIS € caMO3aluIbHOIO KyJbTypoto. CaMo3ariia-
HEHHSI MOXHAa YHUKHYTU IIpU BHKOPHMCTaHHI B CeJICKILIIHOMY ITIpOLECi
POCJIVH i3 YOJIOBIYOIO CTePUJIBHICTIO.

Cucrema CRISPR/Cas € yHikaJbHUM iHCTPYMEHTOM JJISI LIBUIKO-
O CTBOPEHHSI POCJWH i3 SIEPHOI0 YOJOBIUOIO CTEPWIBHICTIO OJTOKYBaH-
HSM TEHiB, 3aIiTHUX Y PO3BUTKY NMUJKY. TakKuMu reHaMu y TIIIEHUIl BU-
apunucsa TaMsl ta TaMs45. Ten Male sterile 45 (Ms45) xonye
CTPUKTO3UAMHCUHTA3AMOAIOHMI (hepMeHT, HeOOXiqHUI 151 PopMyBaH-
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HS €K3WHM Ta PO3BUTKY MUJIKY. [ €HETUYHUI aHalli3 POCIMH-MYTaHTIB,
orpuMaHux 3a TexHonoriexo CRISPR/Cas9, moka3as, 110 TiJIbBKM T€HOTHUIT
Tams45—aabbdd He Mae PpyHKIIOHATBHOTO THUJIKY i € YOJOBIYOCTEPUIIb-
HuMm [117]. Ten TaMsl, 1110 Koay€e OiNOK-MEPEHOCHUK JIiMiAiB, 3B’ I3aHUM
3 MIiK03uADochaTUINIIHO3UTOIOM, TAKOX BaXXJIMBUHN ISl (DOPMYBAHHS
muiky [138]. PemaryBanHsi cuctemoro CRISPR/Cas nuiie rena 7TaMs-B
BUSIBWJIOCH JTIOCTaTHBO JUISI NOCSTHEHHS TTOBHOI SIEPHOI YOJIOBIUOi CTe-
puibHOCTI [139], ockinbku TaMsI-A i TaMsI-D emireHeTH4HO OJIOKOBaHi
[140]. HagBHicTb 4YOJIOBIYOCTEPUJILHUX JIiHIM 3HAYHO CIPOIIYE i MpU-
LIBUAIIYE TIPOLEC CTBOPEHHS TiOPUAIB i BUKOPUCTAHHSI TeTePO3UCY Y
MIIECHMIII.

V cyuacHiii cenexliii 1Jisi BApOOHUUTBA TiOPUAHOTO HACIHHSI BUKOPU-
CTOBYIOTh TaKOX TEXHOJIOTiIO MOABIAHMX TaIlIOINiB, SIKa BKJIIOYAE iHIYK-
LIiI0 TamnJoiiB i MPoLeC MOABOEHHS XPOMOCOM, IO JA€ 3MOTY CKOPOTUTHU
yac Uil CTBOPEHHS TOMO3WTOTHUX IHOpemHuXx JiHii. [{10 mpakTuky mm-
POKO 3aCTOCOBYIOTh Yy CeJIeKLil KYKYpya3u, MUJIOK JIiHiii SIKOi yTBOPIOE
rarIoifd 3 MAaTePUHCHKUMU XPOMOCOMaMU. Y pe3yJibTaTi KapTyBaHHS Ta-
KMX TaIJIOiHAYKTOPiB ifeHTU(iKOBAHO reH MaTaTUHOMOAIOHOT MUJIOK-CIIe-
uudiunoi dochoninazu Al MTL (MATRILINEAL), mytalii B bOMy TeHi
3YMOBIIIOIOTH (POpMYBaHHS MUJIKY, 1O iHAYKYE rarioinn. AMiHOKMCIOTHA
NoCHimoBHICT MTL nyxe BUCOKOKOHCEPBATUBHA CEpell MPEICTaBHUKIB
Lilopsida [141], i BHacmigok OaokyBaHHs reHa MTL cucrtemMor
CRISPR/Cas9 npu3BoauTh A0 CTBOPEHHS POCAMH-TATUIOIHIYKTOPIB KyKY-
pyazu [142], pucy [143] ta mwenuni [141, 144]. THmMM nmigxoaom a0
CTBOPEHHSI TaIJIOiHAYKTOPiB € BUKOPUCTaHHS penakTopa ocHOB Cas9-
APOBEC3A nnsa penaryBaHHs TaMTL [85]. ¥ Takuii criocib 3 4acToTolO
16,7 % ©Oyno OTpMMaHO MYTAHTHi POCIMHM IIIEHULI 3i 3MiHEHUM
TaMTL, TtpetuHa 3 HUX OyJa TOMO3WUIOTHOIO IO BCiX IIECTU aJleNsIx
(TaMTL-aabbdd) 6e3 BcTaBOK Ta iHCEPIIiil.

HetanbHilny iH(popMallilo Mpo Mporpec y 3aCTOCYBaHHI pelaryBaHHS
TeHIB y TaIy3i CeNeKIlil TiOpriB, TAKUX K T€HEPYBaHHS JIiHIN i3 SAECPHOIO
YOJIOBIUOIO CTEPWIBHICTIO, BUKOPMCTAHHS TaIlJIOITHUX TEXHOJIOTIi Ta 3a-
CTOCYBaHHSI aIlOMIKCUCY Ui KJIIOHAJBbHOTO PO3MHOXEHHS €JIITHUX Ti0-
PUAHMX JiHil, HaBeAeHO B Hallomy orismdi [23].

BucnoBku. 3a nporHozamu excrneptis, 10 2050 p. monuT Ha MIlIEHU-
110 3pocTaTUMe 3i MBUAKICTIO 1,6 % 1MIOPiYHO BHACIIIOK 30iIbIICHHS Y1-
ceNbHOCTI HacedaeHHs. OTXe, cepeaHs BPOXAaHICTh KYJIbTYpU MAa€ 3pOC-
TH TIPUOJIM3HO 0 5 T/ra BiTHOCHO MOTOYHUX ~3 T/Ta [6].

ITpoTsAroM OoCTaHHIX OECATWIIITH 3a JOTTOMOTOI0 TPAAUIIIIMHOI CeTeKIlii
OyJIO CTBOPEHO 0araTo BUCOKOTIPOAYKMBHUX COPTIB MILEHUIII Ha 0a3i mpu-
POAHOI MiHJIMBOCTi MOTYJIALINA a00 MiHJIMBOCTI, IHIYKOBAHOI B PE3yJIbTaTi
XiMiYHOrO MyTareHe3y UM pafaioakKTHBHOIO ornpomiHeHHs [42]. OgHaK Ko-
PMCHI MyTallil € BKpail piIKiCHUMM y reKCaruioigHo1 MIIeHUL, i TTOTpiOHi
TPYAOMICTKi CeJeKIiliiHi mporpaMu JJjis MepeHeceHHs OakaHux ajiesliB B
eniTHi coptu. Ha mpotuary nipboMy penaryBaHHS T€HOMY SIK iHHOBAIliliHA
METOJMKa MOJIEKYJISIPHOI 0i0JIOrii, 3aCHOBaHA Ha IIBUAKO HAKOIIMYYBaHUX
3HAHHSIX TPO OPraHi3allilo Ta PeryjrBaHHS POCIUHHUX TeHOMiB [145],
MOXe AaBaTU TOYHI LibOBI Moaudikallii m1sg 06araTbox KYyJIbTyp, V TOMY
YUACT ¥ MIIeHUII 3 ii Ay>Ke BEJIWKUM i CKIagHUM IreHoMOoM [14].
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Mu po3rIsIHYJIM HU3KY iHCTPYMEHTIB peJaryBaHHsI T€HOMiB, BKJIIOU-
Ho Meranykieaszamu, ZFN, TALEN, CRISPR/Cas9 Tta Cas-noxigHumu
peJakTopaMy HYKJIEOTHAiB, iX 3aCTOCyBaHHS IJIsl pedaryBaHHSI T€HOMY
MIIeHUIi. YCi i HyKJIea3d MaloTh CBOI IUIIOCHM i MIHYCM TpU 3aCTOCY-
BaHHi, MOCTiliHO 3’sIBJISIIOTHCST HOBI (hopmu Cas i HOBI BapiaHTU IMU3aiiHY
s ekcnpecii HPHK [87, 146], wo Bimo6paxkeHo B npodeciitHux IHTep-
HeT-pecypcax [147, 148]. Ing mopaibluoi iHTerpauii pecypciB Ta Jimumoi
KOOpJIMHALIil 3yCUJIb y Tajly3i TOCHiIXEHb OyJIO 3alPONOHOBAHO CTBOPUTU
OHJIAfH-CXOBUIIIE POCIUH-MYTAHTIB i3 peJaroBaHUMU TéHOMaMU, TTOJi0He
no matgopMmu iHdopmaliitHoro pecypcy mias Arabidopsis (Arabidopsis
Information Resource, TAIR) [149].

Vcemix mpoToKoMiB pemaryBaHHSI T€HOMIB BEJIMKOIO MipOlO TIPyH-
TYEThbCS Ha €(EKTUBHIN JOCTaBLi KOMIIOHEHTIB y KJIITUHY Ta MOAAJbIIii
pereHepallii iJ0i pOCAWHMU 3 Li€l KIITUHU. PereHepallisi MIIeHULi B KyJib-
Typi in vitro i Joci 3aJMIIAETHCS HEIMPOCTOIO CIIPABOIO i OOMEKYETHCS
KiJIbKOMa TeHOTUITIaMM, HaBiTh KOJIM SIK BUXiIHMI1 MaTepial BUKOPHUCTOBY-
I0Th i30J1bOBaHi He3pisi 3apoaku [9]. OTxe, KyabTypa TKaHWUH 3ajIMIa-
€TbCSI OCHOBHUM <«BY3bKMM MiClLIeM» JUISI TIPUILBHUIILIEHHS BUPOOHUILITBA
COPTIB MINEHUIII 3 pelaroBaHUM T€HOMOM i MOJIIMIIEHUMM CiTbChKOIOC-
nojgapcbkuMu o3Hakamu [21]. ¥V 1mux Bumagkax mMoxe OyTH KOPHCHOIO
po3po0Ka HamifHUX METOMIB reHeTUYHOI TpaHcgopmallii in planta, 110 He
noTpeOyIoTh CTail pereHepaliii, METOAMK MOAIOHUX IO MPOTOKOJNY, PO3-
pobusieHoro nast Arabidopsis, sikuii Mpoko 3actocoByioTh [150]. Crionisa-
TUMEMOCH, 1110 METOJ, 0i0iCTUYHOT TpaHCc(OopMallii almikaJbHUX MEPUCTEM
MuIeHuLi in planta, mpo yCHilIHICTh SIKOTO JJIS1 pelaryBaHHSI TeHOMY He-
1ogaBHO Oyjio moBigomieHo [116], Moxe OYyTM aganTOBaHUIl IO Pi3HUX
eJiTHUX coptiB meHuli. Toda ta cniBaBTOpu [151] po3pobunu cucremy
penaryBaHHsI TreHOMY pMcCy 3a Aoromororo mnpsimoi goctaBku PITH-xowm-
mwiekcy Cas9—uPHK y pociauHHiI 3Uroty, oTpMMaHi 3alUTiIHEHHSIM in
vitro i30JIbOBaHMMM TaMeTaMM; 3UTOTH KYJIbTUBYBAJIUCh Y POCIMHAX 3a
BiACYTHOCTI ceJIeKUiiHUX areHTiB, y pe3yjbTaTi yoro pereHepyBaiu 14—
64 % pocCIuH pUCy i3 LHIJIBOBUMM MyTalissMu. Po3pobJieHO TaKoX MOAiOHY
cucTeMy JJI 3arlifHEeHHS MIeHuIi in vitro [152]. BukopucraHnHs reHiBs
peryisaTopiB po3BUTKY, Takux 9K Wuschel (Wus2) Kykypyaszu abo Baby
Boom (Bbm), y mpolieci TeHEeTWYHOI TpaHCcPOpMaLil IOKas3ajao 3HayHe
MiABUILIEHHST e(PEeKTUBHOCTI TpaHchopmMallii K y aBogoiabHux [153], Tak i
OJHOMOJILHUX POCIMHAX — KYKYpYA3i, COpro, LyKpoOBili TPOCTHHIi, puci
[154]. 11i HOBI MmigXx0oAM Ie OYiKYIOTh HA MEPEBIPKY y MIIEHMII.

OcCKinbKM CHUCTEMU peJaryBaHHs, 3aCHOBaHi Ha €HAOHYyKJea3aX, He
NoTpeOdyIOTh iHTerpalii B reHOM Xa3siiHa a00 MOCTiliHOI HasBHOCTI aKTHB-
HUX €JEMEHTIB y KJIITUHAX, iCHYE BEJMKWN TOTEHIIaT Ui BUKOPUCTAHHS
HOCIiB TpaH3MEHTHOI BipycHOi ekcrpecii s goctaBku JJHK ado PHK, 1o
KoayloTh eHaoHykieasu, i HPHK [155, 156], a TakoxX ISl epeHeCeHHs
Oe3rnocepeIHbo B KIIITUHY KoMItiekciB PHII, 110 ckiagaioThes 3 OUUILIEHO-
ro 6inka enmonykieasu Cas ta cuHTe3oBaHoOi in vitro HPHK [111, 112].

CrpiMKMIii TIporpec y po3poOli MiaXodiB 10 pegaryBaHHsI T€HOMiB
3aCBiIYMB, 110 B MaliOyTHHOMY pelaryBaHHS T€HOMIB BiflirpaBaTUMe KJTIO-
YOBY pOJib y MIPUILBUAIICHHI CENEKIiHOro Mpolecy Mpu CTBOPEHHI HO-
BUX COPTIB CiIbCHKOTOCIOIAPCHKUX KYJIbTYP IJI 3ad0BOJEHHSI 3pOCTalo-
YOTrO CBITOBOIO IONMUTY Ha SIKICHI MPOAYKTH XapdyyBaHHS Ta CHUPOBUHY.
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3anpornoHoBaHa TEXHOJIOTisl yHiBepcajbHA i JOCTYIIHA, il BUKOPUCTAHHS
JUTSL TIOJIMILIEHHST SIKOCTiI CiIbChbKOTOCIOMAPCHKUX KYJIBTYP OOMEXXYEThCS
JIMIIe HallMMM 3HAHHSIMU Ta KpeaTUBHIiCTIO. HaBegeMo Juile KijabKa mo-
Ka3HUKIB SKOCTi MILIEHMIi, SIKi MOXYTb OyTM 3MiHEHi B HaWOJMKUOMY
MaliOyTHBOMY.

CaitcnpsiIMOBaHMIT MyTareHe3 HOKAayTy€E TeHHM i peJarye okpemi HyK-
Jeotuau. 3aaTHiCTh Cas-eHIOHYKJIea3 MOBHICTIO BUMUKATHA T€HU OCOOJIM -
BO IPUBA0/MBA, SKILNO HWAECTHCS MPO BUIYYEHHS i3 CiIbCbKOTOCHOAAPCH-
KMX KyJIbTYp TOKCUYHMX, aJlepreHHUX abo HENpPUEMHUX MeTaOOoIiTiB.
IToTreHwian Takoro 3acTOCYyBaHHS 4YITKO MpPOAEMOHCTpyBaja Trpyla
ICITAaHCBKMX YUYEHUX, SKa 3aMMAEThCS CEJEKIIE€I0 MIUEeHULl 0e3 TII0TEHY
[128]. V¥ pesynbTaTi BHECEHHS MyTallili ogHOo4YacHoO B 35 i3 45 reHiB poau-
HU IJiaJMHIB iIMyHOPEaKTUBHICTb OOPOILLIHA, BUTOTOBJIEHOTO 3 TaKOl IIle-
HMII, 3HU3WIACh Ha 85 % [126]. Lli HeTpaHCreHHI JiHii TMIIIEHNUIT 3 HU3b-
KUM BMICTOM TJIOTEHY € MepLIMM KPOKOM JO CTBOpPEHS IIIeHUIl 0e3
mlianvHiB. HUHI HOBUM 3aBAaHHSIM € BUKOPUCTAHHS IIOBHOTO MOTEHIIiaTy
texHosiorii CRISPR/Cas9 mnst Tounoi Monudikallii reHiB miiaauHiB Ij1s
ocllabyieHHsT iX IMYHOT€HHHUX BJIACTUBOCTENM 3i 30epe’KeHHSIM Xap4yoBOi
LIIHHOCTI Ta XapaKTepUCTUKU BUMIYKU. PenakTopu HYyKJIEOTUIiB, SIKi 31aT-
Hi 3B’SI3yBaTUCh 3i CIIen(iTHOI0 MOCTiTOBHICTIO, MOAMU(IKyBaTH HYKJIEO-
™Ay i 3aiticHioBatu nepetBopeHHS C Ha T i1 A Ha G, MOXHa BUKOPHC-
TaTu JJ1s creuu@diyHoro MyTareHedy iMyHoreHHux emitomiB. Cucrema
MOJBIMHNX LIMTO3MHOBUX Ta aJcHIHOBUX PEIaKTOpPiB, 3’€MHAHA 3 HiKa30I0
HCas9-NG, mo BmizHae kKopoTkuii PAM 5'-NG-3', (dyHKLUiOHYBaHHS
SIKOI HEeILIOJJaBHO ToKa3aHo 1y pucy [157], ocobarBo nmpuaaTHa ISl IbO-
TO 3aBIaHHS.

IIle ogHe oyeBMAHE MaliOYTHE 3aCTOCYBAHHS TEXHOJIOTii — CTBOpPEH-
Hs COPTiB 3 MOAU(DIKOBAHUM CKJIAIOM KPOXMaJIo, SIK HEIIOJaBHO Mpoje-
MOHcTpoBaHo s meHuui [129] i pucy [158]. Kpoxmanb 3i 3HMKEHUM
BMICTOM aMiJIONEKTUHY, TaK 3BaHUU CTIMKWI KpoxXMaib, MOTEHIIIHO 3a-
nobirae po3BUTKY JIiabeTy 2-ro TUITY.

Otxe, MOXXHA KOHCTaTyBaTH, IO CTBOPEHHSI TEXHOJIOTIN peJaryBaH-
HS TeHiB, 30KpeMa TexHOoJIorisg Ha ocHoBi Harmpasisioyoi PHK enmonyk-
Jeasoro Cas, € BeJIMKUM CTPUOKOM Y raay3i hyHAaMeHTaIbHUX JOCTiIKEeHb
POCJIMH i IPAaKTUYHOI CEJIEKIIii, IKMIi MOXKHA MOPiBHATH JIMIIE i3 BHECKOM
MOJIEKYJISIpHOTO KJIOHYBaHHS Ta TexHoJorii ITJIP. Hemapma 3a BigkpuTTs
cuctemu CRISPR/Cas 0Oyno mnpucymkeHo HoOemiBcbky Ipemito
[159]Bchoro yepe3 8 pokiB micis mepiioi myosikanii [19].

Hespaxkaroun Ha iCHYIOYi METOJIOJIOTIYHiI CKJIAgHOII Ta PeryasTOpHi
OOMEXKeHHSsI, HalOMm>Kuye MailOyTHE O0illsie HOBI CepiiO3Hi JOCSITHEHHS B
i ramys3i. BopoBamkeHHS 1Ii€l TEXHOJOTIl IS TaKOI arpOHOMIYHO BaX-
JIMBO1 3epHOBOI KYJILTYPH, SIK TIIIEHUIIS, WMOBIpHO, MPOJOBXUTH HaOMpa-
T 00epTiB i, 3a OYiKyBaHHSIM, CHPUSATUME €(PEKTUBHOMY BUPOOHMLTBY
JIOCTaTHBOI KUTBKOCTI TIPOJAYKTIB XapuyBaHHS BUCOKOI SIKOCTI.

VYkpaina — npepxaBa 3 TPUBAJOIO Ta CJIABHOIO iCTOPIEI0 B Pi3HUX
acriekTax cefiekuii mueHuui [3], Mae HU3KY TOTYXXKHUX LIEHTPiB JOCIid-
KeHHS TIEeHUL Ta 3aB3SITHUX JTOCHIIHUKIB 3 aMOiuisgmMu i 3HaHHIMU. Pe-
JaTyBaHHS T€HOMY — BiZHOCHO MPOCTa TEXHOJIOTis, sIKa He MOTpedye 3a-
XMapHUX BKJIAJeHb, a JUIIE BiIIaHOCTi, HABYaHHS Ta IIATPUMKK HOBOIO
TMOKOJIiIHHS BiIKPUTUX, TBOPYMX AOCTiMHWKIB. Jlemanmi Oinbine KpaiH
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YCBiIOMJIIOE TIOTEHLiad i€l HOBOI T€XHOJIOTil B PeBOJIIOLII OioMeany-
HUX JOCJIIXKEHb i CeJIeKIii CIbCbKOTOCIOAAPChKUX KYJAbTYp, a YCTaHO-
BU-pETYJISATOpU 0io0e3MeKn B yChOMY CBiTi Bce Oijblie i OiJiblle CXUIbHI
po3rasiaaTh OpraHi3aMu 3 pegaroBaHuM reHomom sk He-T'MO [10, 30].
3BaKkarouu Ha 110 CBITOBY TCHCHIIiIO, MPUNAHSTTS i MPOCYBAaHHS TEXHO-
JIOTiil penaryBaHHsI TeHOMIiB B YKpaiHi XOOZHMM YMHOM HE€ 3MIiHUThH IO-
3UIIII0 ep>XKaBU SIK BUPOOHMKA Ta MPUXUJIBHUKA <«UMCTUX» OPTaHiYHUX
XapYoBHMX IIPOAYKTIB, ajleé TacTh HOBUI CTUMYJ MOJIOOAUM OOCTiTHMKAM I
OJHOYACHO 3a0e3IeYnTh TEXHOJIOTiIUHI MepeBaru, MOoCUJINTh KOHKYPEHTO-
CIIPOMOXHICTh KpaiHM Ha CBiTOBOMY PUHKY 3€pPHOBUX.
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INDUCED MUTAGENESIS IN WHEAT: FROM IONIZING RADIATION TO
SITE-SPECIFIC GENE EDITING
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Jiangsu Collaborative Innovation Centre of Regional Modern Agriculture &
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Wheat (Triticum aestivum L.) occupies the largest cultivated area among crops, supplying a
substantial part of energy, nutrients, fiber and protein to human. Whereas the wheat yield
has been significant enhanced during the Green Revolution, the food needs also increases
with the growth of human population. The breeding of highly productive cultivars with
improved agronomic and nutrient characteristics remains an important challenge. Since the
beginning of 20t century, induced mutagenesis using ionizing radiation and various chemi-
cals has been practiced to increase the diversity of plant material in breeding. The method
represents an effective tool for inducing a wide range of genetic changes. However, the vast
majority of the generated random mutations, are rather deleterious and have to be cleaned
up via cumbersome and time-consuming back-crossing procedures. Instead, site-specific
endonucleases offer an opportunity of accurate and efficient target-specific modifications in
the chosen loci selected by a researcher. The review provides a historic perspective on the
induced mutagenesis technologies and the recent progress in genome editing based on cus-
tomizable endonucleases. The main focus is on the advances of CRISPR/Cas technology,
which emerged as the most widely used mean for crop genomes editing, including wheat with
its complex hexaploid genome. The areas of application of the CRISPR/Cas systems for wheat
improvement are described in detail. Particular attention is paid to the development of new
approaches, based on genome editing systems for speeding up the production of wheat hybrids,
improving wheat productivity and nutritional values. The legal regulations applied to the pro-
duction and applications of the organisms obtained by targeted mutagenesis are also discussed.

Key words: Triticum aestivum L., wheat, induced mutagenesis, genome editing,
CRISPR/Cas9.

54 ISSN 2308-7099. Fiziol. rast. genet. 2021. T. 53. Ne 1




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




