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Momusayus u yenv: Bricokasi CKOPOCTh YBEJIMYEHUSI 00bEMa PACTUTEIBHBIX KIETOK B
X0JIe pOCTa PaCcTSHKCHUEM JIOCTUTACTCS 33 CUET HAKOIUICHUS B HUX BOZbBI. BakHermm
ono¢puznyeckuM (HaKTOpOM, JIMMUTHPYIOIIHM CKOPOCTh POCTa KIIETOK PAaCTEHHH,
SBIISIETCSL PACTSKUMOCTD KIIETOYHBIX CTEHOK, KOTOpast 3aBUCHT OT TPEXMEPHOH OpraHu-
3alUK HOJMMEPOB CTEHKH M OT aKTMBHOCTEH MHOTOYHCIIEHHBIX ()epMEHTATHBHBIX U
HeepMEHTATUBHBIX OEJIKOB, HETIPEPHIBHO (POPMUPYIOIINX U PA3PyLIAIONINX KOBAIECHT-
HBIC M HEKOBAJICHTHBIC CBS3M MEXIY KOMIIOHEHTaMHU CTeHOK. LleHTpanpHyIO poib B
pEryJsMM PACTSHDKUMOCTH KIETOYHBIX CTEHOK HTpacT LEJUTI0N03a — CaMbIH TPOYHBIH
KOMIIOHEHT B JJaHHOW CTpYKType. Kucielit poct siBisieTcst OMHUM M3 PAaHHUX IMPOLIECCOB
B XOJ€ WHAYIHPOBAHHOTO ayKCHHOM pPacTsHKEHHUS OpraHoB pacTeHuil. OH CBs3aH C
nonkucinenueM anoruacta H+-ATdazamu 1ma3maneMmbl, YTO AaKTHBHpPYET B
KJIETOUYHOW CTEHKE OEJKHM SKCHAHCHHBI, YBEIMYMBAIOIIUE €€ PACTSLKUMOCTH 33 CUET
paspyLIeHUs BOAOPOAHBIX CBSI3€H MEXIY CTPYKTYPHBIMH IOJIMMEpaMH CTEHKH [1].
HenaBHO TpoIeMOHCTPUPOBAIM, YTO HApyLICHHE OpTraHU3allMy IIEJUTIONO3bl B
KJIETOYHBIX CTEHKaX IOJ BIMSHUEM MHTHOUTOPOB M MyTallUil yCTpaHSEeT KUCIBII poCT
runokoTmied apadumoricuca [2]. Ilockonmbky 3TH JaHHBIE HE MOIICPKUBAIOTCS
pe3ybTaTaMH HEKOTOPBIX HAIIIMX SKCIIEPUMEHTOB, MbI U3YUWIIN BIUSHUE PA3HBIX TUIIOB
peOpraHu3alyy 1eJUIF0JIO3bI Ha KHCIIBIA POCT THIOKOTHIICH apabuponcuca. Mccieno-
BaMM 3(PQEKTbl M3MEHEHHS! OPHEHTALWHU LEJUIIOJIO3bl HOJ BIUSHHEM (PUTOropMOHa
snubpaccunonuaa (ObJI, 100 eM) [3], uHrHOMTOpa MHUKPOTpYOOUYEK OpH3aIuHA
(250 ’M) m wmytamuu Pom2-4, yMEHBIIEHHS KPHUCTAJUIMIHOCTH IEIUTFOIO3BI O
BIIMSIHUEM MYyTalud iXrl-1 ¥ CHM)KEHUS! yPOBHS IIEJUTIONO3bI B KIICTOYHBIX CTEHKaX B
MPUCYTCTBHU crieliupuaHoro nHruouTopa n3okcadena (0.1 kM).

Memoovt u  ancopummur:  IlposiBIEHHEM  CIIOCOOHOCTH  KJIETOYHBIX  CTEHOK
MOJIEP’KUBATh KHUCIIBIA POCT SIBJISIETCS] YBEJIIMUEHUE CKOPOCTH MX KpHIla (3aBUCUMAs OT
BpeMEHH HeoOpaTtumas aedopManys MoJ BIUSHUEM MOCTOSHHON HAarpy3kH) B KHCIIOM
oydepe ¢ pH 4.5-5.0 o cpaBuenuto ¢ 6ydepom ¢ pH, Ou3kUM K HEHTpaIbHOMY (OT
5.5 u BbImE), MO0 TPU CPAaBHEHWHU PACTSDKEHHST B KUCIOM Oydepe «HaTHBHBIX»
KJIETOYHBIX CTEHOK U KJIETOYHBIX CTCHOK, HHAKTHMBHPOBAHHBIX HAarpeBaHUEM, KOTOPOE
YCTpaHsIeT SHAOTEHHYIO aKTMBHOCTH 3KCIIAHCHMHOB. B CBSI3M € 3TUM KpHIl KIETOYHBIX
CTCHOK  3aMOPOKCHHBIX/OTTAsBIIMX  TUIOKOTWIEH  apabujoricuca  W3MepsuiH
SKCTEHCOMETPOM, palOoTalomMM MpH TOCTOSIHHOW Harpyske, npu pH 5, xoropsiit
AKTUBHPYET SHAOTEHHBIE SKCHAHCHHBI KIETOUYHBIX CTEHOK, u npu pH 5 ¢ TemnoBoit
WHAKTHBAIUEH, T. €. IPH YCIIOBHSX, KOTJ]a SH/IOTEHHbIE IKCITAHCHHBI HE paboTaroT.
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Pezynomamur: Bee skcnepuMeHTalbHBIE 00PaOOTKH, HCIOJIb30BaHHBIE B JTAHHOM
WCCJICIOBAHUY, WHTHOWUPOBAIM POCT MOOEroB apabujorcuca: JUiMHA 4-CyTOYHBIX
STHOJMPOBAHHBIX THIIOKOTWJIEH yMEHBIIANach B AuanazoHe oT 46 % (opuzamuH) 10
27 % (OBJI). BapuaHThl, B KOTOPBIX OpUCHTAIIMS IIEJUTIONO3bI B KJICTOYHBIX CTEHKAX
CTaHOBMJIACh OoJsiee XaoTU4HOM (POM2-4, opusanus, DBJI), coxpaHsiu ciocoOHOCTh K
KHCJIOMY POCTY, HO B Pa3HOM cTereHu. Y MyTaHTa POM2-4 CKOPOCTh KpUTIa KIETOYHBIX
CTEHOK B KuCIIOM Oy(epe yBennuuBaiack 1o cpaBaenuto ¢ koutposem (Col-0) (puc. 1),

TOrJja Kak OpusainH (pI/IC. 2) n OBJI camwxkanu CKOPOCTDb paCTAKCHUS KICTOYHBIX CTCHOK
in vitro y Col-0 npu pH 5.

Puc. 1. BnusHUe MyTauuu pom2-4 Ha GHOMeXaHWKY KNMETOUHBIX CTEHOK Puc.2. B (250 HM) Ha
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Y  wmyranta iXrl-1, XapakTepH3yIOLIErocsi MOHIKCHHOH KPHCTAUTHYHOCTBIO
LEJUTEONIO3bI, ObUT BBISIBIEH MOIIHBIM HMHAYLUPOBAaHHBIM KUCIBIM OydepoMm Kpwil
KJIETOYHBIX CTEHOK, CKOPOCTh KOTOPOTo ObLIa T0CTOBEpHO BbIe, 4eM y Col-0. Takum
00pa3oM, yMeHbIIEHHE KPUCTAJUIMYHOCTH MHUKPOMOUOPWIIT LEIUTION036I HE SBISETCS
MPENSTCTBUEM TSI KUCIIOTO POCTa THIIOKOTHIIeH apabuaoncuca.

B ycnoBusx MHrHOMpOBaHHs CHHTE3a LIEJUTIONO3bI n30kcabeHoMm y pacrenuii Col-0
CTUMYJISIIMSI KpUIa KJIETOYHBIX CTEHOK KHUCIBIM OydepoM coxpaHsulach, HO Oblia
CyliecTBeHHO MeHbiield, yem y Col-0 B orcyrctBue mHruoutopa (cMm. puc. 1 u 2).
JIt060mBITHO, YTO B MPUCYTCTBUH M30KcabeHa CKOPOCTh Kpuma npu PH 5 ouens cnabo
W3MEHSIAch IIPY YBEJIIMUEHUH Harpy3Ku (MM MEXaHUYECKOrO HaNpsDKEHUsT), B OTIANYHE
OT KOHTPOJIHBIX PACTCHUH IHUKOTO THUMA, Y KOTOPBIX KHCIOTOMHIYLMPOBaHHOE
pacTshKeHHE KIETOUYHBIX CTEHOK 3HAYUTEIBHO YCUIMBAIOCH [IPH YBEIUYCHUH HATPY3KH
(cm. puc. 1). DTOT PakT KOCBEHHO CBHICTEIBCTBYET 00 YMCHBIICHHH aKTHBHOCTH
9HJIOTCHHBIX SKCIIAHCHHOB 101 BIMsSHIEM H30KcabeHa. He HCKII04ueHo, YTO B yCIOBUX
I/IHI‘I/I6I/IpOBaHI/I$I CHHTE3a I EJIIHOJIO3bI 3aITyCKarOTCA CUT'HAJIBHBIC KaCKaJbl,
aKTUBHpYEMbIE HapyIIEHHWEM IEJOCTHOCTU CTeHKH [4], KOTOpble MOJABISIOT
9KCIPECCHIO IKCIIAHCHHOB.

Buvisoowi: Takum 00pa3oM, B OTJIMYHME OT JIMTEPATYPHBIX JAHHBIX [2], B HACTOSAIIEM
WCCIIEIOBAHNU OBIIO TOKA3aHO, YTO JE30praHu3alys UEJUTIONO03bl TMOJ BIUSHHEM
(UTOrOpMOHOB, MyTallMii ¥ MHIMOMTOPOB HE YCTPAHIET HOJHOCTBIO, a MO-Pa3sHOMY
MOIU(MUIUPYET KUCIBIA POCT THUIMOKOTWIeH apabumoricuca. OOmmit 3¢pdexr moxer
OTIPENIeNATECS KaK M3MEHEHHEM CTPYKTYPBI CTCHKH, JCIalolM ee Ooliee Ui MeHee
ONTUMANIBHON 71 paboThl KCIIAHCHHOB, TaK M H3MEHEHHEM YPOBHS SKCIPECCHU
9KCHAHCHUHOB C YYacTHEM CHUCTEM MOAJCPKAHUS LEJIOCTHOCTU KIETOYHBIX CTEHOK.
Bknan mocienHero MexaHu3Ma MOXKHO ObLIO Obl BBISICHUTH Ha OCHOBE JAaHHBIX
TPAHCKPHUIITOMUKH H TIOCIIEAYIOMEro OHONH(POPMAIIMOHHOTO aHAIN3A.
Qunancuposanue: Viccnenosanue noaaepxano rpantom PH® (Ne 23-24-00379).
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Motivation and Aim: A high rate of increase in plant cell volume during extension growth
is achieved due to water accumulation in them. The most important biophysical factor
limiting plant cell growth rate is cell wall extensibility, which depends on the three-
dimensional organization of wall polymers and on the activities of numerous enzymatic
and non-enzymatic proteins that continuously form and destroy covalent and non-
covalent bonds between the wall components. Cellulose, the strongest component in this
structure, plays a central role in regulating the cell wall extensibility. The acid growth is
one of the early processes during the auxin-induced elongation of plant organs. It is
associated with the apoplast acidification by the plasmalemma H+-ATPases, which
activates expansin proteins in the cell wall, increasing its extensibility due to the
breakage of hydrogen bonds between the structural polymers of the wall [1]. It has
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recently been demonstrated that cellulose disorganization in cell walls under the
influence of inhibitors and mutations eliminates the acid growth of arabidopsis
hypocotyls [2]. Since these data are not supported by the results of some of our
experiments, we studied the effect of different types of cellulose reorganization on the
acid growth of arabidopsis hypocotyls. The effects of a change in cellulose orientation
under the influence of the phytohormone epibrassinolide (EBL, 100 nM) [3], the
microtubule inhibitor oryzalin (250 nM) and the mutation pom2-4, a decrease in
cellulose crystallinity under the influence of the mutation ixrl-1 and a decrease in the
level of cellulose in cell walls in the presence of a specific inhibitor isoxabene (0.1 nM)
were studied.

Methods and Algorithms: A manifestation of the ability of cell walls to support the acid
growth is an increase in their creep rate (the time-dependent irreversible deformation
under the influence of a constant load) in an acidic buffer with a pH of 4.5-5.0 compared
with a buffer with a pH close to neutral (from 5.5 and above), or when comparing the
extension in an acidic buffer of “native” cell walls and heat-inactivated cell walls, which
eliminates the activity of endogenous expansins. In this regard, the cell wall creep of
frozen/thawed arabidopsis hypocotyls was measured with a constant-load extensometer,
at pH 5, which activates endogenous cell wall expansins, and at pH 5 with heat-
inactivation, i.e. under conditions when endogenous expansins do not work.

Results: All experimental treatments used in this study inhibited arabidopsis shoot
growth: the length of 4-day-old etiolated hypocotyls decreased in the range from 46 %
(oryzalin) to 27 % (EBL). Variants in which the orientation of cellulose in the cell walls
became more chaotic (pom2-4, oryzalin, EBL) retained the ability to the acid growth,
but to varying degrees. In the pom2-4 mutant, the cell wall creep rate in the acidic buffer
increased compared to the control (Col-0) (Fig. 1), whereas oryzalin (Fig. 2) and EBL
decreased the rate of in vitro cell wall extension in Col-0 at pH 5.

Fig. 1. Effects of pom2-4 mutation on the cell wall biomechanics in Fig. 2. Effects of eryzalin (250 nM) on the cell wall biomechanics in
etiolated arabidopsis hypocotyls etiolated arabidopsis hypocotyls
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Such a difference in the effects may be due to the unequal effect of these treatments on
the hypocotyl cell wall cross-sectional area, since creep rate is proportional to the stress
(force divided by the cross-sectional area of the sample) generated in the cell walls by a
constant load. It was found that EBL significantly increased the cell wall cross-sectional
area. Based on this, the cell wall stress in the presence of EBL was calculated and the
dependence of the creep rate on the stress was determined. The character of this
dependence demonstrates that the acidic buffer effect is opposite at low and high values
of stress (Fig. 3A).
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Fig. 3A. Effects of EBL (100 nM) on the biomechanics of native Fig. 3B. Effects of EBL (100 nM) on the biomechanics of heat-inactivated
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In the mutant ixrl-1, characterized by reduced cellulose crystallinity, a powerful acidic
buffer-induced creep of cell walls was detected, the rate of which was significantly
higher than that of Col-0. Thus, a decrease in the crystallinity of cellulose microfibrils is
not an obstacle to the acid growth of arabidopsis hypocotyls.

Under conditions of cellulose synthesis inhibition by isoxabene in Col-0 plants, the
stimulation of cell wall creep with an acidic buffer was maintained, but was significantly
lower than in Col-0 in the absence of the inhibitor (Fig. 1, 2). Curiously, in the presence
of isoxabene, the creep rate at pH 5 changed very slightly with increasing load (or stress)
in contrast to wild-type control plants, in which the acid-induced cell wall extension was
significantly increased with increasing load (Fig. 1). This fact suggests a decrease in the
activity of endogenous expansins under the influence of isoxabene. It is possible that
under conditions of cellulose synthesis inhibition, the signaling cascades activated by
cell wall integrity sensing are triggered [4], which suppress the expression of expansins.
Conclusion: Thus, in contrast to the literature data [2], it was shown in this study that the
disorganization of cellulose under the influence of phytohormones, mutations and
inhibitors does not completely eliminate, but modifies the acid growth of arabidopsis
hypocotyls in different ways. The overall effect can be determined both by a change in
the wall structure, rendering it more or less optimal for the work of expansins, and by a
change in the level of expansin expression involving the systems of cell wall integrity
sensing. The contribution of the latter mechanism could be clarified on the basis of
transcriptomics data and subsequent bioinformatics analysis.

Funding: The study is supported by the RSF grant (No. 23-24-00379).
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