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Momueayus u yenv: B HacTosiliee BpeMsl aKTyalbHbl HCCIEIOBAHUS I€HETHYECKON
OCHOBBI METa0OJIMUYECKHIX PEeaKLMii KyIbTYPHBIX PACTEHUH, CBSI3aHHBIX ¢ 00pa3oBaHHEM
OMOAaKTHBHBIX COEANHEHNUH C AHTHOKCHIAHTHBIMU CBOMCTBaMH — (DJIaBOHOUIOB, U B TOM
qucie aHTOUWaHoB. [loMoXKHUTENbHOE BIHSIHUE JaHHBIX OWMOAKTHUBHBIX BEHIECTB Ha
JUMAIHBIA OOMEH U 3alUTy OT OKUCIUTEIBHOTO CTpecca y MOJICNbHBIX KHBOTHBIX H
YeJIOBEKa MPUBOAUT K CHIDKCHHMIO PUCKa pa3BHUTHA psiaa 3aboieBanuii [1]. ¥V 3makos
00pa30oBaHHE aHTOLMAHOBHIX MUTMEHTOB INPOMCXOAUT B PA3IMUYHBIX CIOSAX 00OJIOUKU
36pHOBOK. Tak, aJIEHpPOHOBBIM CIOH, MPWIESKALIMN K TKaHAM SHIOCIIEPMA, MOXKET
HaKaIUIMBaTh aHTOIMAH ACNbOUHUANH, B PE3yJbTaTe 4ero 3epHo stumens (Hordeum
vulgare L.) nproGperaeT rony60ii OTTCHOK.

BruocunTe3 QrnaBoHOUIOB SBISETCS PE3YNbTaTOM pabOTHl CTPYKTYPHBIX TEHOB,
KOJMPYIOIIUX (EPMEHTB, M PETyJISATOPHBIX TEHOB, KOJIUPYIOIIUX, HampuMep,
TpaHCKpUNUUOHHbIE  ¢akTopbl.  CymecTBylOT  jAaHHble O  QYHKUMSX H
MOCJIE0BATENBHOCTSIX CTPYKTYPHBIX T€HOB OMOCHMHTE3a aHTOLUAHOB, HO ISl ITOJTHOTO
OMUCaHMUs MEXaHHW3Ma €ro KOHTPOJIS HEOOXOJMMO BBISICHHTH POJIb PEryNsSTOPHBIX
(akTOpOoB. DTO MO3BOJIUT CO3JaBaTh PACTEHUS C 3€PHAMH, UMEIOIIUMH IMOBBILICHHOE
CoJiepKaHue aHTOL[MAHOB.

Panee Obuio moOKa3zaHo, yto reH HVMYyC2 komupyeT TpaHCKPHIIIIMOHHBIA (akTop,
AKTUBHPYIOLINH paboTy TeHOB (epMEHTOB OMOCHHTE3a aHTOIMAHOB B aJICHPOHOBOM
cioe 3epeH stuMeHsi [2]. Beuta Taroke oOHapyxeHa KOppessius MeXIy (DEeHOTHIIOM
HEOKpAIlICHHBIX 3€peH SYMEHS M OJHOHYKJICOTHIHOW HHCEpIUe B JaHHOM TeHE,
BBI3BIBAIONICH CIIBUT PaMKH CUYMTHIBAHUS ¢ 00pa3oBaHHEM PaHHETO CTOI-KOJIOHA.
Lenpro paboTel crano yrouHenne ¢yHkimu reHa HVMyc2 B perynsiuu OmocuHTE3a
AQHTOLIMAHOB 3E€PHOBOK SUMEHS IIyTeM BOCCTAHOBJICHHMS PAMKH CUMTBHIBAHHUS JAHHOTO
TeHa B HEOKPAIIIEHHOM COpTE TIOCPEACTBOM BHECEHHUSI B LIEJIEBOM Y4aCTOK HEOOJBIINX
nenennit npu nomomn PHK-nanpaBnennoit snaonykieassl Cas9.

Memoowvr u ancopummer: MyTaHTHBIE pacTeHHs OBUIM MOJYYEHBI B pe3yjbTaTe
arpobakTepraibHON TpaHcopMalu He3penbix 3apojsiiield copra Golden Promise,
UMEIOIIETO  HEOKpAIllEHHbIE  3€pHOBKM.  3aTeM  Tocie  TOCIe0BaTeIbHBIX
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CaMOONBIIEHUH B Teriuie nonydainn nokoieHus T1-TS. Ilyrem reHoTunupoBaHUs
nokonenuit T0-T4 ¢ momomipio riryOOKOro cekBeHHpoBaHUs U MeTofga CaHrepa ObLIH
0TOOpaHbl TOMO3WUIOTHBIE MYTAHTHbIC JHMHUHU. JlOMONHUTENBHO OBLIO IPOBEIEHO
TECTHPOBAaHHE Ha HAJIWYHME BCTaBOK TpaHcreHa Cas9. Amnamm3 ¢eHoTHIa 3epeH
MOJYYEeHHBIX JIMHUKA OBUT TMPOBEACH C TMOMOIIbI0 CBETOBOH MHKPOCKOIHH,
OMOXMMHUYECKOTO ONpeJeIeHHs] aHTOIMAHOB [3] U ompezeneHns: YpOBHS 3KCIPECCUU
TeHOB ()epMEHTOB OMOCHHTE3a TaHHBIX COCAMHCHHI.

CBeToBass MUKpPOCKOTHA OblJla MCIONB30BaHA [UI BU3YAJIBHOW OLCHKH KOJMYECTBa
AQHTOLIMAHOBBIX TMUTMEHTOB B  aJepPOHOBOM CJO€ OTHACIBHBIX 3€peH 10
4eThIpex0auibHOM miKane. [l 3Toro ¢ pacTeHus: coOupany Tpu Kojoca, U3 KaKIoro
BeIOupanu o 10 3epen. B pesynsrare Obu10 poananuzupoBano 30 3epeH ¢ pacTeHUs u
1o 90 3epeH KaXA0ro reHoTHUIa.

OrneHKa DKCIPECCHU CTPYKTYPHBIX TCHOB OHOCHHTE3a AaHTOIMAHOB (praBaHOH-3-
ruapokcunassl - (F3h),  dmaBonona-3’-ruapokcunaser  (F3°h), diaaBononn-3°,5’-
ruapokcunassl (F3°5°h) u anrounannanucuaTasel (ANS) ObuIa POBE/ICHA C TOMOIIBIO
MOJIMMEPA3HOM IEMHOM peakiuy B peaabHOM BpeMenu ¢ kpacureneM SYBR (Applied
Biosystems, CIIIA). B kauectBe pedepeHCHbIX Hcmoab3oBanu reusl Actin u Mdh,
KOJMPYIOIIME aKTUH W MalaTAeTHIpOreHa3y COOTBETCTBEHHO. Pe3ynbTaThl pacueToB
ObUIM TIPOaHaIM3MPOBaHBI C MOMOIIBI0 TecTa Kpackema—Yomnca U mociemyronmx
MOTIAPHBIX cpaBHEHW MaHHa—YUTHH ¢ TIonpaBkoii boHdeppoHn Ha MHOKECTBEHHOE
tectupoBanue (Past, Bepcus 4.03).

Pesynomamei: boimm  cozmaHbl Be KOHCTPYKIMHM, BKIouaromue TeH Cas9 u
Hanpapisonyo PHK k oqHOMY 13 ABYX LIENIEBBIX YYaCTKOB B KOAUPYIOLIEH YacTH reHa
HvMyc2. Tlocne TecTupoBaHHsSI aKTUBHOCTH KOHCTPYKIIMUA Ha MPOTOIIIACTAX SIMEHS
ObLTa MpoBelieHa arpoOakTepuaibHas TpaHCOpMAIMS HE3PENbIX 3apOJBIIICH copTa
stamenst Golden Promise. Cpenu mony4eHHbIX pacteHuil mokosenus T0 49 comepxanu
MyTallid B TEJIEBOM TeHe, ISl AaibHeimero oroopa B nokonenusx 11-T4 BeiOpamu
BoceMb pacteHuid. B mokonenun T4 npe nuHum wmenn HVMyC2 nukoro tumna, aBse
Jpyrue — CoJiepKaly JAeTenunio 4 1. H. B IEPBOM WJIM BTOPOM IIEJIEBOM CaliTe, OJJHA —
nenenuto 11 m. H., a Apyrue yeTsipe — Aenenuro 1 m. H.

B munusx ¢ penenusimu 1 u 4 m. H. QyHKIMS LeNeBOro reHa Oblla BOCCTAaHOBIJICHA, B
pe3yibTaTe Yero NpoM30Iilia aKTHBAIKs OMOCHHTE3a aHTOIIMAHOB B aJIeiPOHOBOM CJIOE
3epHOBKM. HakomjeHue LeneBbIX COEIMHEHHWH B 3€pHE ObUIO MOATBEP)KACHO C
MOMOIIBI0 CBETOBOM CTEPEOMUKPOCKONIMM W KOJMYECTBEHHOTO  ONpEAEICHUS
COJIepKaHUsl aHTOIMAHOB. AHaJM3 OKCIPECCHM TI'eHOB OWMOCHMHTE3a aHTOIMAHOB
MoKas3all, 4TO BOCCTaHOBIIEHHE Pa0boTh TeHa HVMYC2 puBOaUT K yBETHUSHHIO YPOBHS
TPAHCKPUIITOB CTPYKTYPHBIX T'€HOB, BOBJICYEHHBIX B OOIIME U1 BCEX AHTOLMAHOB
peaxuuu.

Bvigoowi: Takum 00pa3oM, TaHHOE UCCIIE0BAHNE TIPOJIEMOHCTPHPOBAIO BOZMOYKHOCTh
WCTIOJIb30BaHMS TEXHOJIOI'MM T'€HHOTO PelaKTUPOBAHUS AJIsl YJIyUYIICHHUs MUTATEIbHON
LEHHOCTH 3€peH STUMEHS IyTeM YBEIMUYECHHUS COAEP)KaHUS aHTOLIMAHOB.
Qunancuposanue: ViccnenoBanue noaaepxkano rpantom PH®D (Ne 21-66-00012).

Restoring the function of the HvMyc?2 gene, which controls
the blue color of barley grain, through its targeted modification
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Motivation and Aim: Currently, research into the genetic basis of metabolic reactions of
cultivated plants associated with the formation of bioactive compounds with antioxidant
properties — flavonoids, including anthocyanins — is relevant. The positive effect of these
bioactive substances on lipid metabolism and protection from oxidative stress in model
animals and humans leads to a reduction in the risk of developing a number of diseases
[1]. In cereals, the formation of anthocyanin pigments occurs in various layers of the
grain hull. Consequently, the aleurone layer in close proximity to the endosperm tissues
can accumulate the anthocyanin delphinidin, thereby imparting a blue hue to barley
grains (Hordeum vulgare L.).

The biosynthesis of flavonoids is the result of the combined action of structural enzyme
genes and regulatory genes, which encode, for instance, transcription factors. There is
data on the functions and sequences of structural genes for anthocyanin biosynthesis, but
to fully describe the mechanism of its control, it is necessary to clarify the role of
regulatory factors. This will enable the creation of plants with grains that have a high
content of anthocyanins.

It was previously shown that the HvMyc2 gene encodes a transcription factor that
activates the genes for anthocyanin biosynthesis enzymes in the aleurone layer of barley
grains [2]. A correlation was also identified between the phenotype of uncolored barley
grains and a single nucleotide insertion in this gene, which resulted in a frameshift and
the formation of an early stop codon.

The objective of this study was to elucidate the function of the HvMyc2 gene in the
regulation of anthocyanin biosynthesis in barley grains by restoring the reading frame of
this gene in an uncolored variety through the introduction of small deletions into the
target region using RNA-directed endonuclease Cas9.

Methods and Algorithms: The mutant plants were obtained as a result of agrobacterial
transformation of immature embryos of the Golden Promise variety, which has
uncolored grains. Subsequently, following a series of self-pollinations conducted within
a greenhouse setting, five generations (T1-T5) were generated. Genotyping of
generations T0O-T4 was conducted using deep sequencing and the Sanger method, with
the aim of identifying lines homozygous for mutations. Additionally, testing was
performed to detect the presence of Cas9 transgene insertions. The phenotype of the
grains of the obtained lines was analyzed using light microscopy, biochemical
determination of anthocyanins [3], and assessment of the level of expression of structural
genes of the biosynthesis of these compounds.

Light microscopy was employed to assess the quantity of anthocyanin aggregates in the
aleurone layer of individual grains on a four-point scale. To this end, three spikes were
harvested from the plant, and 10 grains were selected from each spike. Consequently,
30 grains per plant and 90 grains of each genotype were subjected to analysis.

The expression of the structural genes of anthocyanin biosynthesis, namely flavanone 3-
hydroxylase (F3h), flavonoid 3'-hydroxylase (F3'h), flavonoid 3',5'-hydroxylase
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(F3'5'h) and anthocyanidin synthase (Ans), was evaluated using real-time polymerase
chain reaction with SYBR dye (Applied Biosystems, USA). The Actin and Mdh genes,
which encode actin and malate dehydrogenase, respectively, were employed as reference
genes. The results of the calculations were subjected to analysis using the Kruskal-
Wallis test and subsequent pairwise Mann-Whitney comparisons with Bonferroni
correction for multiple testing (Past, version 4.03).

Results: Two constructs were designed, including the Cas9 gene and a guide RNA to one
of two target regions in the coding part of the HvMyc2 gene. Following the assessment
of construct activity in barley protoplasts, agrobacterial transformation of immature
embryos of the barley variety Golden Promise was conducted. Among the plants of the
TO generation, 49 exhibited mutations in the target gene. Eight of these plants were
selected for further selection in the T1-T4 generations. In the T4 generation, two lines
exhibited wild-type HvMyc2, while the other two displayed a 4 bp deletion at the first or
second target site, one exhibited an 11 bp deletion, while the other four lines exhibited
a 1 bp deletion.

In lines exhibiting deletions of 1 and 4 bp, the function of the target gene was restored,
resulting in the activation of anthocyanin biosynthesis in the aleurone layer of the grain.
The accumulation of target compounds in the grain was confirmed using light
microscopy and quantification of anthocyanin content. The expression of anthocyanin
biosynthesis genes was analyzed, and it was found that the restoration of the HvMyc2
gene resulted in an increase in the level of transcripts of structural genes involved in
reactions that are common to all anthocyanins.

Conclusion: This study demonstrated the feasibility of using gene editing technology to
enhance the nutritional value of barley grains by increasing the anthocyanin content.
Funding: The study is supported by a grant from the Russian Science Foundation
(No. 21-66-00012).
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