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Momueayua u yenv. IloBbIIEHUE YPOKAUHOCTH CEIBCKOXO3SUCTBEHHBIX KYJIBTYP
UMeeT pellaloliee 3HAuYeHHE [UIi COBPEMEHHOIO MMpa, TIne obecreueHue
MPO/IOBOJIBCTBEHHOH 0€30MACHOCTH SIBJISIETCS] IEPBOCTENICHHOW 3ajaucii. Y BennueHue
4acTOTHl 3KCTPEMAJBHBIX KIMMATHUECKUX YCIOBHHA CO3JAaeT JOIMOJHUTEIbHYIO
Harpy3Ky Ha CEJIbCKOXO3SIIICTBEHHbBIE PACTEHHMS, YTO TpeOyeT pa3paboTKH CTpaTerui
agantauuu [1]. Monusupyromee nznyuenue (M) naet mpencraBieHne o MeXaHu3Max
aZlanTalliy pacTeHUH K aOMOTHYECKUM CTpeccopaM, aKTUBUPYS AHTHOKCHAAHTHYIO
3amuTy ¥ Mexanu3mel periaparmu JIHK [2, 3]. Slumens (Hordeum vulgare L.) — Baxxusbrii
CEJIbCKOXO3SIMCTBEHHBIM BUA, SBISAETCS MOTEHUHUAIBHBIM OOBEKTOM IS MOBBILICHUS
YPOXKaMHOCTH W YJIYYIICHUS YCTOHYHMBOCTH. PaanoOMOJIOrMYeCKUE HCCIEHOBaHUS
peaknuMii SYMEHS BBLIBIISIOT MOJICKYJSIDHBIC IMYTH, YYacTBYIOLIME B aJanTalud K
admotudeckuM crpeccaM [4—6]. bputo mpoBeneHO pacHIMpeHHOE MYIbTHOMHKCHOE
WCCJIEIOBAHNE C MCIIOIb30BaHUEM HOHM3MPYIOIIETO U3IYYEeHHs C HU3KUM M BBICOKHUM
JITID nnst oOpaboTku cemsiH o3umoro stamerst [7]. TlonHbIN cpaBHUTEIbHBIN aHAIU3
oOmiero a¢dexra Tpex THnoB UM Ha TpaHCKpUNTOMHBIH NPO(UIb SUMEHS, a TaKXKe
JIOTIONTHUTEIHHBIC MaTEPHUAIIbI IPEJICTaBICHHI B [8].

B namem mccrienoBaHuM MBI HCTIONB30BaIM TaMMa-, JJIEKTPOHHOE U IIPOTOHHOE U3y~
YeHHUE B COYETAHHM C CEKBEHHMPOBAHHEM BCEr0 TPAHCKPUITOMA, YTOOBI WIACHTH(HU-
LUPOBAThH OOIME OTBETHBIEC TPAHCKPHIITHI M OLICHUTH UX POJIb B PEAKLUAX Ha CTPECC.
Memoowt u anrcopummei: Cemena 03uMoro siamenst copta @okc 1 ObUTH MOCaXKEHBI B
TOPLIKM C TOYBOM M MPOPOILEHBI B KOHTPONMPYEMbIX YCiIOBHAX. CesHIBI ObuH
o0xydeHsl Ha 7-i1 JeHb MOCIE TOCeBa, a JIUCThS OblIM cOOpaHbl uepe3 24 yaca mocie
o0ydenust. Pactenust 3 oJJHOTO ropika ObUTH 00beTMHEHBI B OJJHY MPOOY.
[IpopocTku moBeprairch BO3AEHCTBUIO Y-U3ITYUEHHS, JIEKTPOHOB U IIPOTOHOB B J103€
15 T'p ¢ MCIOIB30BAHMEM UCTOUHMKA Y-HM3JIydeHus «Aram» (u3oron °Co), nuneitnoro
yckopurens dexkTponoB NOVACI 1 u xoMiuiekca npoToHHOW Tepamuu «[Ipomereit».
JlosumeTpusi mpoBOAMIIACH B COOTBETCTBUM C YCTAaHOBJIEHHBIMH IPOTOKOJIAMH JIJIS
obecrieueHrs: TOYHOTO O0ITy4eHHSI.

[ToaroroBka OMOIMOTEK W CEKBEHUPOBAaHUE OBUIM MPOBEAECHBI KoMmaHue «EBporen»
(Mocksa, Poccus) ma lllumina NovaSeq 6000 (2 x 150 map ocHoBanuii). O6paboTka
JIAaHHBIX BKJFOYaa KOHTPOJIb KauecTBa, PUIIbTPAIMIO HU3KOKAYECTBEHHBIX MPOUYTCHHUH
1 BBIPAaBHUBAHUE MIPOYTEHHUH C MCIOJIB30BaHUEM STAJIOHHOT'O TPAHCKPHUIITOMA SIMMEHS
(BaRTVv2.18). IubdepennmanbHas IKCIPECCHs TEHOB  aHAIM3HPOBAIACh  C
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ucrnonb3oBanneM DESeq2 anst BBIABIEHHS TEHOB, JKCIPECCHS KOTOPBIX 3HAUYUMO
pasnuyanack MEXAY KOHTPOJIBHBIMH W OOJy4eHHBIMH oOpasuamu. [lomyuyeHHbIE
JAaHHbIE aHHOTHPOBAJIKCEH U aHAIN3UPOBAIINCH C MCIOIb30BaHneM 0a3 maHubx UniProt
u NCBI nns monmy4eHus: TOMOJHUTETBHON HHPOpMAIHK 0 Oekax 1 uX GyHkiusax. s
JYYIIEro MOHWMaHHs OHOJOTHYECKHX TMPOLECCOB, 3aTPOHYTHIX HOHH3HPYIOIINM
M3ITy4YeHreM, ObLT TPOBEeH (PYHKIIMOHAIBHBINA aHaIH3 000TAIIEHHS C HCIIOJIb30BAaHUEM
0a3pl ganaeix Gene Ontology. DToT aHamu3 MO3BOJWI BBISIBUTH TPYIIBI T'€HOB,
ACCOLMMPOBAHHEIE C OIPEJEeTICHHBIMU OHOJIOTHYECKUMH MPOLIECCAMU, MOJICKYJIIPHBIMU
(GYHKUMSMH U KJICTOYHBIMUA KOMIIOHEHTAMH, KOTOPBIE 3HAYUTENBHO U3MEHHIIICH TTOCIIe
0o0myyeHwms.

Pezynomamur: IuddepeHunanbHplii aHaIN3 SKCIPECCHU TEHOB B PACTEHUSIX MOCTE
BO3/ICHCTBHS TaMMa-, MPOTOHHOTO M AJIEKTPOHHOTO W3JTY4eHUs! BBISIBHI 553 yHHKab-
HBIX T€HA C MOBBLIIICHHON 3KCIpeccueid n 124 reHa ¢ MOHMKEHHON dKcnpeccueit. [lpu
CpaBHEHHH OOIIMX TPAHCKPUIIIIMOHHBIX OTBETOB HA TPH THIA OOIydeHUS OBLIO
BbIsBIICHO 47 o0mux DI, MoHu3upyroliee u3ay4deHue BO3ICHCTBYET Ha KICTKH pac-
TEHH, ITpeBpalias HeMTpaJbHbIC aTOMBI WIM MOJIEKYJIbl B aKTUBHOE COCTOSIHUE. DTOT
MPOIIECC BBI3BIBACT pa3iIuyHble Owonorndeckue S(P(HEKTHI, BKIFOYAS MOIYIISIIHIO
CUCTEM CUTHAIILHOH Mepeaayn pACTeHUH 1 MHIYKIUIO OKUCIUTEIBHOTO CTPeCcCa 3a CUET
YBEJTUYEHHsI TPOAYKIUU akTHUBHBIX (opMm kucnopona (ADK). Hame uccnenoBanue
MOTYePKUBACT 3HAUUTENbHOE BIMsAHUE TpeX THMOB MM Ha sUMeHp Ha MOJEKYISIPHOM
YpOBHE, OCOOEHHO BBHIpa)KArOIIeecss B MOBBIIICHUH JKCIPECCUN TE€HOB, CBA3aHHBIX C
OMOCHHTE30M M MOJM(UKAIUEH KIETOYHOW CTEHKH, TAKMX KaK CHHTa3bl LEJUTIOIO036I
(D9IXC7 u F2DMGL1) u Gera-ramakrosugassl (AOA8I6X415). CHHTa3Bl IEMIIOI03EI
KPUTHYECKA BaKHBI JJIS TPOW3BOJICTBA IIEJUTIONIO3BI, OCHOBHOTO KOMIIOHEHTA
KJIETOYHOW CTEHKH, B TO BpeMsI Kak OeTa-rajlakTo3ua3bl y4acTBYIOT B MOJU(DHUKALINN U
PEMOICITMPOBAHIH TTOJINCAXAPUAOB KIETOUHON CTEHKH. DTH H3MEHEHHS MPENOararoT
aJIaITUBHBIN OTBET ISl YKPETUICHHS IIeTIOCTHOCTH W (PYHKIIUW KJIETOYHOW CTEHKH IO
Bo3eiicTBHeM cTpecca. /IBa reHa nakka3 (F2DXF2 u F2D9J2) umMenu moBbIMICHHYIO
skcnpeccuro npu  Bcex Tunax MU, Jlakkasel SABIAIOTCS  OKCUAOPEAYKTA3HBIMU
(depMeHTaMHU, KOTOpblE KATaTU3UPYIOT OKUCIHUTENBHBIE PEaKIWH C yYacTHEM
apoOMaTHYeCKUX W HEapoOMaTHYECKUX COCJUHEHHH, Wrpas BaXkHYI0 pOIb B
(YHKIMOHUPOBAHWHU KIIETOUYHOW CTEHKH W OWojerpajanuy JMrHUHA. PaHee jakkasbl
aCCOIMMPOBAINCH C YIYYIICEHHEM YCTOMYMBOCTH K 3acyX€ 3a CYET ITOBBIIICHUS
BOJIOTPAHCIIOPTHON CIIOCOOHOCTH M YCHIIEHUS aHTUOKCHJIAHTHBIX OTBETOB y IPYTHUX
BunoB pactenuid. ['en MOXEM7 Takyke MM HOBBIIICHHYIO 3KCIPECCHIO. DTOT I'eH
Ba)XCH Ui MPOPACTaHUsl TBUIBLIBI M POCTa TBUIBIEBBIX TPYOOK, YTO BKJIIOYAET
OrocuHTE3 1 MOAU(UKAIIHIO KIETOYHOM CTEHKH, YKa3bIBasi HA €T0 POJIb B IOIIEPKAHUH
IIEJIOCTHOCTH KJIETOYHOH CTEHKH TMpH ctpecce, BhizBaHHOM M. Kpome toro, mmen
MOBBIIICHHYIO 3KCIIPECCUIO T'eH, KOAUPYIOLIHiA OeoK, oxoxuii Ha repmuH 5-1 (GLP,
komupyembrii AOA287KQBS), m3BecTHBIN CBOEH PONBbI0 B HAKOIUICHWH JUTHWHA M
yMmeHbIeHun coiepxkanus H.O» yepe3 akTHBHOCTH (hepMeHTOB, cBsi3aHHBIX ¢ ADK, uto
YKa3plBae€T Ha JIBOMHYIO POJIb B YKPEIJICHWH KIIETOYHBIX CTEHOK M YIPaBICHUH
OKHCITUTENBHBIM CTpeccoM. MBI Takke€ OTMETWIH MOBBIINICHHE SKCIPECCHU TEHOB,
CBS3aHHBIX C METa0OIM3MOM (UTOTOPMOHOB, OCOOEHHO TEX, KOTOPBIE CBS3aHBI C
OnocuHTEe30M U cHrHaIbHOM nepenaueii aykcuHoB (AOA8IGYNS1 u AOABIGXJIC3). Ayk-
CUHBI BOXHBI JUIsl PETYJISAIUU OTBETOB PACTCHUN Ha CTPECC, BKIIIOYAS MOJIUPHUKAIINIO
KJIETOUHOW CTEHKH. V3BECTHO, YTO 3KCHpPECCHsS CHHTA3 LEJUIIONIO3bl U OeTa-TanakTo-
3uJa3 peryaupyercs: GUTOrOpMOHAMH, YTO TO3BOJISIET MPEANOIO0KHUTE, YTO N3MEHEHUS

BGRS/SB-2024 255



B Oamance ¢uTOoropMoHoOB, BbI3BaHHbIe WU, Moryr MonyiaupoBaTh OWOCHHTE3 WU
peMoJIeNIpOBaHNe KIETOYHOM CTEHKH B paMKax aJalTUBHOIO OTBETa PACTEHUH.
Buisoowvr: Kierounass cTeHka, BEPOSATHO, SBISCTCS OTHOW M3 OCHOBHBIX IIeNied
0o0ydeHust Y-, JIEKTPOHAMM M IPOTOHAMH, YTO XapaKTEPU3YeTCs 3HAYMTEIbHBIM
YBEJIMUCHUEM SKCIIPECCHH T€HOB, YYacTBYIOIIUX B €€ OMOCHHTEe3e, MOAU(PHUKALUN U
YKPEIUIEHUH. OTOT 3alUTHBIA OTBET Ha YPOBHE KJIETOYHOIH CTEHKH, CKOpEE BCETO,
CIIY>KUT JUI NOJAEPKaHUA CTPYKTYPHOH LEJIOCTHOCTU M YNPaBJICHUSI OKCHIATHBHBIM
ctpeccoM, BbI3BaHHBIM MU. [loHnMMaHune MOJEKyNSpHBIX MEXaHU3MOB MOXKET
CIOCOOCTBOBATh pa3padOTKe CTpATETHH YBEIWYECHHUS! yCTOWYMBOCTH PacTeHUH K abuo-
TUYECKUM CTpEccaM, YTO MOTEHIHAIBHO MOXKET YIy4LIMTh YPOXKaHHOCTh M Ka4eCTBO
ypoXxasi B HEOJIAarONPHUITHBIX KIMMAaTHYECKUX YCIOBHSAX, TaK Kak OOHapyKCHHBIE
o01Ire pearupyronme MOJIeKyJIbl TAKKE YYaCTBYIOT B OTBETax Ha APYrue a0MOTHYECKHE
cTpeccoBbie (paKTOPHI (3aCyXa, CONEHOCTh, BO3IEHCTBHIE TSAKEIIBIX METAJUIOB).
brazooapnocmu. Slumennple 3epHa OBUTM JIFOOE3HO TIPEeIOCTaBICHBI Poccuiickum
Hay4yHbIM YyupexnaeHueM «HaydHo-uccnenoBaTeNnbCKUi LIEHTP CENbCKOTO XO3SHCTBa
«JloHcko#y. MBI Takke BbIpaXkaeM Halry 0jarofapHocTh MenuIuHCKOMY pajnooru-
YeCKOMY HccleoBaTensckomy 1eHTpy uM. A.T. 1p10a 3a o0rydenue HammX pacTeHui
Ppa3IMYHbBIMHA TUIIAMU MOHU3UPYIOLICTO U3ITYUYCHUA.

Qunancupoganue: I1a padota Obl1a PUHAHCOBO MOAJep)kaHa MHUHHUCTEPCTBOM HayKH
1 BeIcIIero oopasoBanus Poccuiickoit eneparuu (Jorosop Ne 075-15-2021-1068 ot
28 centsiops 2021 r.).

Molecular mechanisms of barley cell wall response
to different types of ionising radiation
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Motivation and Aim: Enhancing crop yield is crucial for the modern world, where
ensuring food security is paramount. The increasing frequency of extreme climatic
conditions poses additional stress on agricultural plants, necessitating the development
of adaptation strategies [1]. lonizing radiation (IR) offers insights into plant adaptation
mechanisms to abiotic stressors, activating antioxidant defense and DNA repair
mechanisms [2, 3]. Barley (Hordeum vulgare L.), a significant agricultural species,
shows potential for yield enhancement and resilience improvement. Radiobiological
studies of barley responses reveal molecular pathways involved in abiotic stress
adaptation [4-6]. An extended multiomics experiment involving ionising radiation with
low- and high-LET exposure of winter barley seedlings was performed [7]. The full
comparative analysis of the common effect of the three types of IR on transcriptomic
profile of barley, along with additional materials, are presented in [8].
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In our study we employed gamma, electron, and proton radiation, coupled with whole-
transcriptome sequencing, to identify commonly responsive transcripts and assess their
role in stress responses.

Methods and Algorithms: Winter barley cultivar Fox 1 seeds were planted in soil-filled
pots and germinated under controlled conditions. Seedlings were irradiated on the
7th day after sowing, and leaves were harvested 24 hours post-irradiation. Plants from
the same pot were pooled into one sample.

Seedlings were exposed to y-radiation, electrons, and protons at a dose of 15 Gy using
y-radiation source “Agat” (®°Co isotope), NOVAC11 linear electron accelerator, and
Prometheus Proton Therapy Complex. Dosimetry was performed according to
established protocols to ensure accurate exposure.

Library preparation, and sequencing were provided by the “Evrogen” (Moscow, Russia)
at lllumina NovaSeq 6000 (2 x 150 bp). Data processing involved quality control,
filtering of low-quality reads, and alignment of sequenced reads using the barley
reference transcriptome (BaRTv2.18). Differential gene expression was analyzed using
DESeq? to identify genes, the expression of which significantly differed between control
and irradiated samples. The obtained data was annotated and analyzed using UniProt and
NCBI databases to obtain additional information about the proteins and their functions.
For a better understanding of the biological processes affected by ionizing radiation,
functional enrichment analysis was performed using the Gene Ontology database. This
analysis allowed the identification of gene groups associated with specific biological
processes, molecular functions, and cellular components that were significantly altered
after irradiation.

Results: The differential gene expression analysis in plants following exposure to
gamma, proton, and electron radiation, revealed 553 unique genes with increased
expression and 124 genes with decreased expression. When comparing transcriptional
responses to the three types of irradiations, 47 common DEGs were identified. lonising
radiation affects the plant cells, converting neutral atoms or molecules into reactive ions.
This process triggers various biological effects, including the modulation of plant
signalling systems and induction of oxidative stress via increased production of reactive
oxygen species (ROS). Our study highlights the significant impact of the three types of
IR on barley at the molecular level, particularly upregulating genes associated with the
cell wall biosynthesis and modification, such as cellulose synthases (D9IXC7 and
F2DMG1) and beta-galactosidase (AOA816X415). Cellulose synthases are critical for the
production of cellulose, a major component of the cell wall, while beta-galactosidases
are involved in the modification and remodeling of cell wall polysaccharides. These
changes suggest an adaptive response to reinforce cell wall integrity and function under
stress. Two laccase genes (F2DXF2 and F2D9J2) were upregulated across all types of
IR exposure. Laccases are multicopper oxidase enzymes that catalyse oxidative reactions
involving aromatic and non-aromatic compounds, playing a vital role in cell wall
functioning and lignin biodegradation. Laccases have been previously associated with
improving drought tolerance by enhancing water transport capacity and strengthening
antioxidant responses in other plant species. The gene MOXEM?7, encoding a Cd?*-
induced protein (nucleotide-diphospho-sugar transferase), was also upregulated. This
gene is essential for pollen germination and tube growth, which involves cell wall
biosynthesis and modification, indicating its role in maintaining cell wall integrity under
IR-induced stress. Additionally, germin-like protein 5-1 (GLP, encoded by
A0A287KQB5), known for its involvement in lignin accumulation and reduction of H>O:
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content through ROS-related enzyme activity, was upregulated. This suggests a dual role
in reinforcing cell walls and managing oxidative stress. We have also noted the
upregulation of genes involved in phytohormone metabolism, particularly those related
to auxin biosynthesis and signalling (AOA8I6YN81 and AOA8I6XJC3). Auxins are crucial
for regulating plant stress responses, including cell wall modifications. The expression
of cellulose synthases and beta-galactosidases is known to be influenced by phyto-
hormones, suggesting that IR-induced changes in phytohormone balance may modulate
cell wall biosynthesis and remodeling as part of the plant's adaptive response.
Conclusion: The cell wall appears to be one of the main targets of y-, electrons, and
protons irradiation, characterized by significant upregulation of genes involved in its
biosynthesis, modification, and reinforcement. This protective response at the cell wall
level most probably serves to maintain structural integrity and manage the oxidative
stress induced by IR. Understanding the molecular mechanisms can contribute to
developing strategies to enhance plant resilience to abiotic stresses, potentially
improving crop yield and quality in adverse environmental conditions, as the revealed
commonly responsive molecules are also involved in responses to other abiotic stress
factors (drought, salinity, exposure to heavy metals).
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