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1. Il NTRODUCTI ON

1.Sitructure and composition of primary cel

Protoplasts of pl ant cells are encapsul at
growing cells are called primary <cel/l wa

uni form and undergo constant modi fircati on

growth cessation the primary cell wall of
called secondary celll wal | are deposite
protoplast. The secondary cell walill ei g9 ttsh

composition and structure are more stable

strength (Cosgrove and Jarvis 2012, Cosgr

1.1Cémponents of primary cell wall
Primary cell walls are compesédokmaienmsy of
hemi cel | wlnosyensal | wictomt ri buti on of proteins

for 86% of t he Acrealbli dwaplsli esé ftghsambisasnkao 5 et a
SSructurali mmobil nsedcowittrhiibnutteh ed @yéa,lolx,ihma t

remaipmiongi amaneyme lymmeese et. al . 2004)
Cellul ose
One of t he most i mportant cel l wal | comp

determination of mechanigate(PCodpeseves2 ®F
Cdlul ose has sixampohy mwdlplbbldo dgeagmims hi gher
pl ants (Rongplihpei ceed H ayll s @O b4 t-14iof k-ed D

gl ucose aymitthieyg i Iscelr b sy wislkeamel exes (CSCs) et
in Hthhemp mdmbrgygaaeaeld)2 AMaj or el ements of C S
synthase glycosyThé€d8@shasasex ohChtghhreeeact
CESSA (a trifmerm, awheostegdkealuct ure (Jurani e
2020, eARdiA) . i CGEAAa b redooopdseidg ebayé 6st er s (Jur
and Gajda 2020) . | n Aaq albli Wdoyprsste ke i r€i ENSaArly, ¢
CESABN@ESAG (Fe g. )(1Ju2rGGni ec amviul Gajpdad P&Z2 @A)

c



1, -4l ucanarcdhabwadd Ilnendd € nmi crofi bA) |l TiICe® sglr ww:
chains can be highly ordered (crystalline
secondar whadlel iwmalplrs mary cel | (waarlvsi st h2e0 1cé€
I n primargelcledllowval desnwaimbhssecZadBBPaoki dr gt

A
OH B OH 7
0 OH
e HO Q
O /O O O
Ho OH e e
= -n
B B-1,4-glucan chains RS
CSsC complex-<r_
plasma
membrane
protoplast
CESA1
CESA3
CESAG-like
Fig.Cellllul ose and its formati on asni ntghlee pcreilniaurl?

c hacionmp o skeld-ldofiR-glducose .h8hoBehmhse memodd dCeSAC i n t
pl asma nmeimbh amewl y formed gl ucan -xéatiinsn offh eC 9
presentdadaitnp@dy@shbr ange B&EBAs po Bt eCaasgr(ove 20:¢
changed; C: Juk@ntcbhangad) Gajda 20

7:7739878321



Pectins

These polysaccharides are regar de@arapi ttde
and GibeautattoO®@)a matri x in which <cellu
Primary <cell wal | tplee tdwayls | ncacsmss t(iZtaubtl ea cX5 %
Wi t hin pectins three mai nhegr maopt aben
homogal acturonan (HG) , (R&atnmen g ttact uramhuw
rhamnogallalct URF@Igla)( Z(a Bl acki s etet a2al051)995,
Pectbiensongaltighrgereoupsy ratrigde i sGo | gi appar atu
componsaeido fyl -14i nR-gd!| act uron¥Fegap(@densanlidgts (
2020)HG, the major and the most abundant u

wal | in a full yOmetehyhe&elSh e adwhdosetde tf iofrinme d C

6 carbby&lywal | enzymes called pectin methyl
at t2heo-830 Oe A idgu.e)sI( Bl i ng,Ral eal eMd2@011 2065
al. . Z0600%) pectin is found in many <cell wa l
stages, mo st of ten tihmi gpdli enak g melelledte WAK A &2

202RGBlL s composedinof srepegtl act urhP®@li chasci d
numerous ,brdaecblkedi asd/ or unbranchedé, whic
rhamnose uni t s ,moannods accocnhtaariiink en eraieFsxiligdl Be€n s (
bl ue parent hkisge.s,)1r &d | paacrteanntsh e(ses) and/ or
et al RG200h)as a highly conserved s.tructu
Ho we wenrl,i ket Hh@s four complex side chains,
monosacchar(fFide. rf(Kedck)umas ska ett mdbuna@az)e.

opectins in the middle | amell ae tihley nwer e
t hient ercel |l ul ar adhesion ( Gaf fhaals abnede nMoshhnoe
t hey ar e invol ved i n mul tiple processes

communi cawvioonmedtah eémR®i2rlg e (HRAIERDyON
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Fig.PelctZ2 ns constitutiAnggahacpui omaiBy Gaveit th mah t
mar ked groups that under go @)cldR ywiatthi omma iann db ancel
of reedpiesaccharl(deD2ghatt ai-dnli-c4n)amnose and pos:

residuwdsarlabk@ose bbgbl aet ane/onmn red, both r et
create |tomatb cearaec hsd o,r(D) ubRd r acnocnhpeods @ d o mif ¢ gad iac
mononehrisch can have different si deafctheh-mad | n |
Villarreal et al . 201 2; changed) .

Hemi cell ul oses

Hemi cell ul oses are a chemical l,whiheh ec amgeln
bui |t by senoenmnslacompdsudlethg xyl ose, manno
ar aobsiéte mi cel | ud yrstelde sairs€o | gi apparatus and

vesicles toward the plasma membrane where
tao heeel | (Bv@adh | et .al The 9mna83t common group ol
primary cell wall s ofCbagdoypéXxwlo@glauceca x y(l
chain i1 Hduinktedofgl ucosyl units decorated

i



chains (&t.2@dR2BWek I n many plants, the bac
substituted wiRihg ) ladBdeatlclk®iledsg miucees! I(ul oses,
asXyG associate with the surfaces of cel
mi cr odrigpganils&hi be t heir branched structur
packing of adjXayc@Genstotmiacrtofaisbrdilrse,ct t et her
but rasihrera emiimsdr, tightly bound Pfarr&c tainan
Cosgrove 2012)

Galactose ¢
T H
HO 0
o]
o Glucose
]

oH
——  HO
OH /
HO 0 ) HO P 0
? OH
HO,

]

OH
Q
OH

H

HO
mtm\)(ylose

Fi g.ChleenB cal Xy6Gucture of

Cel | rwéaleli nps

Theirse a vari etpy iaonfarpyr tchead il nowanitirsi but e to ¢t
participate in wal/ remodel |l ing and gr owt

di stinguished.
Structural proteins inclade (Showalter 20

- ext e,mshiincshh yadrreo x yrpircohl i gnleytchoeptrebsse k npect i
and other cell wal/l polysaccharides re

- arabinogal ddchtasan eproteiwnsg h polysacchar.i
wall elasticity and extensibility,

- profriméd pgrhattet ns bute to mecHadmikd anlg g thr
wal | matri x pol ymers

- mannbailmndi ng proteins which bind to mann

t he wal l matri x.

M N



Cell nealmese i nclude (Bethke et AlL. 2014, V

- xyloglucan endotransgl ucosy/l cadseeg/r haydder o |
hemicell ul oses and can be involved in
- pectin methylesterases (PMEs) whi ch m

groups thereby altering their physical

The activity of PMEs is tightly regul ated

noenzymetlilprwatldi ns t hat PMEagrud aitref lawda nn ova tfyo

of -lgieKe structure and mechanical propert.ice
An i mportant group of wall proteins that
or enzymes, arel eeyx pamesbweéeir @l@hkey medi ati ni
| ooseni ng dutdniesgr ugproosvamtiolment 1 nteractions be
hemicellul oses, enabling coBt.roll ed wall
1. 1S2ructure of primary cell wal/l
Organicfatpoinmary cel | wal | components anc

expansion and mechanialll ulroospee rmii cerso foifb rtih

2D networks and create | amellae with spec
primary <cell wal | of oni ondabaeraht emi de
orientation in each | aBned d ca@ (4 segiltiavse!l 201
2022) . Mor eover, oelglanli cs¢ iianf cuehc edi |bsy

pol ysaccharided Blaiulte RE@m&uageod VIe&®IHBA®R 2c)e!|l | ul o
are connected with cedJvallorste imntcerod dtbirond s

contributing to the cell wal/l mechani cal

Pectins, mai nly HG, surround all ot her w
documentedtéehnfi e@ Peatkiendls bayr ec ad rco 19n, w h
cell-péosien pratpeactciomt acts and | eads to f
net work where up to 50% of the cellul ose

(Nicolag®)et Colmpoxs02ion, methylation state
been shown to change the mechanical-proper
l inking (Wang and.2Hdmg .2 0Clad ,ci Rihmy a oents alr or



of cad | ebodbxeggg ructure and create supramol ec
Eglgox structure is a result of |l ow degr e
degree of methylesterification acecgadnmani e
(Wi llitams 2020)hoxFogt reuxcatmprlee ,i segfgor med by
carboxyl group), which can create negatiywv
C&'f or mi ng aFisgt)a.blllé weeMer(, recent siinsvelsetaifg :
epidermal peels and simulations of mol ecul
cel Ilmawablee t er representFedy.bylt @ &zo xe werd emo d
Fig.)Qbhdmrni gthi &I . 2025). This may be a rea

ot her speciesestrerii foinsd riH@ harnen ahlar acter.

demonstrated for the apical meri stem (Pea
et al. 2015) .
- 0
A OH O\\?'fo OH B QH O\\?O oH
| . " OH H
'OH >/ g o
<I oc\< >O o) o ©
Y | Ca OH C
o//q\o ca® OH OH O//Q\O O//ca2o OH C{/Cai\o
e H NP NP on Nl
o \——F=b . .
o MW e ) oo W YN
OH OI - OH I-. OH OI o :
|
OH OH OH O//(;\\O OH
Fi g.Molded s of cal ci umA)c rtolsbsd 2 gtk Bh @k joF p eHG: mo(d e
Rectangle outlines point to i nt?2raddteiro mOd ohma tgw
et al. 2025; <changed).
Pectin molecules of different types inter
can be controlled by availability of wate

RGI di salbbilelki tgosef nei ghbouri ngbdGauwwdai mfs

steric hindrance, while | ess branched ar a
of neighbouring HGs in water dkefkeiealkl| ew
mat Fixg)( T Kaczmarska et al. 2022) .



A B Short arabinose chains
HYDRATED DEHYDRATED

Long arabnose chains

HYDRATED DEHYDRATED
| |
T
-G | remreseag
RGI
Arabinose
Galactose ==
RS

Fi g.Scilhh.eGmati c representation of major model s c
l' inear contiguous modelhypfot heefsftiegsaetdpmfl ytstae clhaa

arabinan side chains as a | imiting factor in
changed) .

1. 1M8del s of eog@moinveatthsomn pri mary cell wal
The previous sections outlined the main m

including pectins (such as HG and RHI ),

structur al proteins. Whil e understanding
essential, these details alone do not e
mechanical structure. To address this, va
pol yomegganiasat coomwssl|l inking to explain the e
wall during growth and morphogenesi s.

Primary wreddoomwili nssious dynamic changes. Mu
wal | polysacchari des have been the subje

model s of the opmgiamaawtet ebhele nwadlelvel o.ped (P

2023). These model s are based-hmanirrcley | ard ois
and ceddlullwlsces e, and aim to explain how
integrity while allowing for cell gr owt h.
The first model, proposed byWiRreccdibnevadn &
a Rcorny st al | i ne matri X of pectic Ssubstan
hemicell uloses and reinforced with <cell ul
which changes during the cell growbhi (PBro

were regagdadisnesa mul tinet and bundled no

M O



Vi a hemicell ul oses. Moreover, -cmbhtul rsep

components, were considered as partly i mm
1958). Next cokKeeqgeastt,ir sl rlodp7o3s,e da sbhsyumed t hat
t he hemi cel |l ul ose whi ch coated cel l ul oc
pol ysacchaFiitdesABRGaAWUs¢ of the | ack of ev
connections, such as extended XyG tethert
microfibriwas ndjiesctmodlel Further investiga
call edomul ciel | wall model, assuming that
(n@eomval ent i nteractions) and sephalaldetdt by
and RayFilg9.92B) T(hi s model was modified ove
the model of tethered cellulose fibrils,

chains. Cell ul olsienkmr ¢ ribdtacbirar glsmaedcworsls, an
were resgdrhdeednaa n components responsi bl e f
of the primarly9dowa)l land( Arty weats aalssumed t hat
tensile forces between micFofgiPBPCi Asc ¢ Cairmp
to this model cel | wal | growth requires

1992) .

Investigations on AxxablcGypoRys udauwmb Ixeg | mstyd
lanzicode enzymes necessary for XyG synthe.
pl ants dewaird @amdXyY6G.s grtotvleern(€d 1M@9gd dle sd fedp
wal | using thiSsreoauail mg mue atms . per f or med

showedxt hmaatxa2t cell walls were |l ess stif

and Cosgrove 2012) and reveal edothdtul loaek

microfibrils alignment and microfi bril or
the cel | . This suggests that ceddganhiosat it@
by itself than to XyG involvement i n thi
exi stence of two independent pol ymeir net w
XyG network I inked by hydr ogen?*boroinddgse s .ar
l nvestigations suggest that there 1 s a c¢a
t hat pectin |Ilinkage to XyG may play a rol
exampl e epiRiogymsdatfi woedi Ifi ted | i nks betw

the Baides cof RGI)-Maaidh.X@G3§AbHewever, the
XyPpectin complex was found to bRased yors me



this evidence the new mo-Hehkiwmg tcetnlter s/

cellul ose microfibrils and XyG are not sc
XyG is located close to two adjacent cel |l
clhl ed biomechanical-chbtaspose. i Buehaceil dbns
cruci al role in mechanical properties of

201(8Pi g .1. 6D)

The most recent model of primary <cell W
Fig.pPE It represents the three most abund
HG, byanlxipad ng models of polymers. The mod
cell wall | amght @epsupgmer sfthatl| gre arrang
energy configuration, i . e. in an equil i b
bundl ed and form a cohesive net wor Kk wi t
configurations: extenmedel Icwli d £a@ , mioar d frialp
and tethers connecting cellulose microfib
extensive but weak contacts to celAJul ose

Mp



m cellulose fibril

wall proteins

pectic polysaccharides

= rhamnogalacturonan

m arabinian

m glycoprotein

® xyloglucan chains

m cellulose fibril
pectins
® xyloglucan chains

/ %
Fi g.Sulc.céeessi ve model s of prigmaai g)actndodne lwagd rl o prms
by Keest(ril®@787% al th covaleniclowal enkég mankex
mi cr ofB)b rmoldse,l (proposed by Talbott and Ray in
mu kctoia@), mo d e | proposed by Carpita and Gibeaut
and hemicOI| Impbldeed esp,r o(posed by Park and Cogrov
mar ked as bl aE)k tdhoet tealstl imecsent( model propos

interactions betweéh whéel mosmpabenwahDsmaodekbks
Pieczyw2k2 2t ahanged,A E:c hGoggerdgve 2024

1.1Cél | awabbimposi te materi al

Composite materi al i s made of t wo or mo r
chemical properitmasy &ellhiwallhe both soft
di stinguished, therefore the gpoamprayiyt & erhd t

(Vincent Pee®92ns are soft <cel |l -lwa&lel, cvad mpcoor
matrix that may contribute to cell wal |

2016) . Cellul ose with glucan <chains asse
srtengt h. Mi crofibrils are embedded i n a m;

16:1432323741



cellul ose microfibrils resi st stretching
microfibrils while the surrounding matr.
dynami c remodel | ing capacity dur iTing gr ov
experiment &l loisatinvibm| If aodl &=l Kanlcahmeeh o(e

bl ossfRdedilammsalteswed t hat the cell ul ose micr
for mechanical properties of the cells (K
epi dewhmicsh, i s composed of strongly elongat
sample i1is higher along the 1l ong cell axi
microfibrils are aligned, as compared to
ts8e Iis mechanically anisotropic. I n cont
epidermis of kalanchoe | eaves, where epi o
microfibrils are not aligned, simrbhafresti
and perpendicular to the | eaf mi dri b. Th
behaves as a composite materi al with a
mechanical properties depending maintly on
to the reinforcement efficiency, however,
because cell wall matrix, as well as cel/l
l inks (Kerstens et al. 2001).

A similar composite behavi ourntihe alrd e ndhbas
of cellul ose microfibrils strongly 1 nfl ue
expansi on. Growing cells display anisotro
are aligned, suppombitngxthe chil ¢izltd it i ma e
plays a key role not only in mechanics of

patterns (Cosgrove 2018).

1. 1Es5passand expapsimarsy cell wall

Growth of plant cells means the irreversi.l
by twurgor pressur e, which stretches the
enzymatic and Dbiochemical modi ficawallons.

capacity of the stress r el akati en dy hamse
controlled (Cosgrove 2018). Change of apo
(Hager 2013) . The pH of the <cell wal | i s

MT



pomp-AHPase, which is involved in cel!]l wal

Expansins activity is pH dependent; t hey

activity decreases in neutral pH, when cel
i $ess McQuyMason et) Tahluae i d99F2d cati on activa

wh i
cel
one
dr i

Ef f

exp

c
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e

a

[ 1 mi

pro
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Exp
of
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i n
S ma
(Ch
exnp
t o
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wa l
det
res

t o

A r

|l oo

g
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® T O

S

h di-cowaltemtonbonds between cell ul ose
wal | matri x and selective sites wher
another (Cosgrovee20l1lwallThits eprso@aadgs

en expansion (Cosgrove 2005, Par k and

ctiveness of cel l wal | | oosening dep:
nsins within the cell wal | . Experi men
ted by the rate of protein dififsuasion
ressing fast, peaks, then sl ows down

eases) (Cosgrove 20248B) . Expansins wo

nsins are coded by mul ti psloe igndreea s r(ep e
he single mutation and its phenotypi
icult (CGCHowegnvevenzdbad2wvweBygtudi es support
rowth regulation. | At EX@hpPpdepsien ffes
|l er Il eaves and shorter petioles, wher
and Cosgrove 2000). Addi ti onal evid
nsins on plant dev&altd&X®ads .1 Al t halulgyp
ack phenotypic effects (Armezzani et
I and frui tGalelveerl dg netntal(.Be2azh2ad) . Mo r ¢
nsins in Arabidopsis cbhangesndwcetd ms
s altered within 3 hours (Samal ova et
integrity signdlilkieng i meatsteva ytsh avti a erse
cting wall-Bdseseglt banvdd al2®@i22IPi20 Not ab
onses vary by tissue, possibly refl ec

x-padsced di sruption.

cent conceptional model proposes that

ening their  amdtafcftesr  ra gdiesstsii veetl yme c t

traditional viBicoel BE€EDsgromaer P24Bpw How

My



mechani sm afepexgamsi mwal | |l oosening remai:r

further development of both experiment al

A

expansin

cellulose chain

{_Mm‘ ‘
W:mim{»
B

non-covalent bonds
between cellulose chains

l— o B '
. i &é_,yomoom —

-
C

Fi.gy.Model of interactions between expansins an
i s non obovimdeoael yul osei ochdairnesnaii thegdreenesn oar r ows
(Bex painsti swiatch cel |l ul ose chain twi stliialgeosgd uc o s

t hceel |l ul oski oiggihrg haermdese dues (Cosgrove 2024B c

1.1Cé61 |1 muwwblils i n i noversitmgagailldelshec hani cs ar

expansi on

Mut ations in genes involved in biosynthes
wal | structur e, aoproptléasarEnnmencoamnm ngi gmief i c
content or arrangement of key wall compor
pectins, | eading to modification of mecha
defects. Undédefsecatnsdi ing drhoetsew! gtaoaet et uead
shapes cel l wal | mechanics and i mpafcts pl
genes, which mutants have been identified



structur e, i s vast. Therefore, bel ow t he

present hlhowmdtysdiceeroe pri mary cell wall

Pectins

The distribution of methyl groups omvan hin
af fect the mechani. cale gpurdoapteerdt ibeys PAME sc eslnlz y\

of which in Arabidopsis consists of 66 m
met hyl groups from HG, the main function ¢
which?iméeCacts to create a pectic gel (W

1. .12 Structure of. prmmacgorcedhcebhWibchkaglki s
of pectin demethylesterification in walls
shown to induce tissue softening (Bsaybro
pme®bt at i oni refflfeerces mennce stems of Arabi do:
we ak phenotype b®t idi frieeahsanfircam Q@olopert
compression tests of the mutant and wil d
caused biggepmé8banm@mni €wmdi nati ng that st
cel | wal | s( Hosngoe it 2 phicheed r educed sptmef3fbne s s
which | acks demethylesterificdath&es, apedpth

the softening effect.

Hemi cel l ul oses

Whil e pectins contribute to theifkleexmialirliix
hemi cell ul oses -biakimg rofl ecelnl uclroosses mi cr

struct urtayl ainndt epgrrovi ding a framewor k that

during growth. XyG and its metabolism pl
Xyl osyl residues from XyG oligosaccharide
hydr ollxaysleo s(i das e) in the pr odcGesnsl kannodw nP aausl

2011 When the apopl asUxiycl ogsliydcaossei)d eix shlyddar noal g
mut ant , the |l ack of enzyme activity is n
hypocotyl s. rEBRitsimpsacanoinngiectin demet hyl
to softening of cell wal/l matrix (Sechet
of ye@tin hybrid mol ecul e(sStwiatthilmvy®&elelt v
Cosgrov.e T2h0e2 2 xcess of xyl ose subunits in
reduced fitness(GiEnlt handanuPauwmk it hE@WIrxmbi do|

H N



epider mi s, changes in XyG structure may

stiffness, influencing anisotropic growth
Cellul ose
Cellulose microfibrils are the stiffest

111Components of pri marCoraddildalovaddul eCse | d wil

mo v ement and thus the most recently depc

oriented parall el to the microtubul es. I
deposited microfibrils areoal agnetheapdewi
earlier depBPasskiend M@a&yi on of Cehlel ud eorsee
Synt AHatser diptriong@i n (CSI1 1) , an I mportant el

l' i nkagueelme pl ashao cmda mldr &E6SA proteins and ¢
thus has an indirect i mpact on cell ul ose 1

and affects the shape and size of Or gans

mi crosubebds to reduction in cell el ongat
floral or gansBriinncglmiadninn ge ts eapla.l s2 0(1C2r,g aNto Isliiz
and mor phol ogy madebu & bne ¢ r & &R it ddotne &)i jemwh i c h

has | $ ma | eaves and the whol e pl ants t he

KATANI N, thesemweermriong bahzymeencatuicoal of oce
pl amed for establ i shi(nBgascke,/|Blr @fré®alwetem, a&ni sad
Uyttewaal,Leaptav]ia@elet al. 2017)

I n many studies on cell wal/l mutants, the
di srupted biosynthesis orofstirmotod raehset onfut ar
pl ant phenotype. Howe wter ,whiatt iag ei mphcer tianndt
effects on other cell wall components, as
frequently ddestinod¢t. | plaeinsottojmpg beceal d e t «
compensatory mechanism involving other wal

al ways examined.



1. 1R@man spectroscopy in investigation of

wal |

Teluccadmpesi ti on changes within the pri ma
been applied oversthefyeatssedheobBigeg s mm:
and dynamics of Dbiomol ecul es, i ncluding ¢
which combined with microscopy permits da
(Bor owéykkar nt and Daillres Kki e2 0 la®a mazn0 2slpect r osc
vi brati onal technegmar kéans doesi sodesit gh
frequency shift of inelastic scattered |
and produces al Xauc aettt ealdd 2pdhB&dumun!| tspectr urm
obtained that consists of bands where ey
vi bration frequency vi walerzecgen 8Bhd So
2007)

Raman spectroscopy has often been used i

especially of cet g ahios d&toiminexafmph rei, | si nv e
secondar ys pxXxYHoeene ao(fa b) eflb Kamscshes all owed t «
the main orientation of the cellul ose fi b
of the cellulose microfibrils in the newl
al. 2010). I nvestrcghti watsl odembesseabrdan
microfibrils orientation within secondar )

intensity of t heospee aklsamgedsat wiotl larmot lceed ld qp
(Zhangl2aag) .

Beyond its application in secondary wall

assess the chemical archi tkeacltmirae porfocumé
(Loi seleuri@Lpypbasnhersyeal ed distinct cuti
triterpenoi ds, phenolics, al kanes, and
demonstrates Raman spectroscopy sensitivi
hi ghlights i tyssimat epmrtiinmaalr yf ocreldnandal | s, i N
their cuticl es taheen v iheolntmtee tr clfaasaed | agbia g kmag y

walls are relatively thin (from approxi ma
wall s of epider mal ,SkerlzZlysde § Teoelvieeittehr® I0ed 3a |

remodgilinlcilugdi ng i nteractions between cutic



be examined usingR&mmanspeectovscscppywas

nvestigations on Ar altihdap st iss ssuteesms p raensde

heterogeneity such as different aromatic

hemicell ul oses were detected) ( Mor el and
examining al/l t he componealtlss imasi nrdatvi e
e

xplored yet.

Raman spectroscopy has al so orgem iagsadtdhetno
subcellular | evel. Il n Arabidopsis sepal s,
cellul ose microfibrils by depelcatiiingn cphlaannge

revealing howgamriwdie lho :1e oihewicledd s wittd mtn d

(Mol Il i er et al. 2023). While other techni
| evel growth, the study showed that Raman
wal | structure. I't highlights ithg ceélrlemigod
organiws athi angh spatial resolution and the
mechani cal and devel opment al studies to
growfhepi der mal cell s

1.Rrabidopsis sepal as a model organ to st

changes during devel opment

Arabidopsis flower has been studied for di

stages were described by Smyth et al. i n
fl ower buttress formation til/ sillimue op
Arabi dopsis, four sepals form the whorl s
the flower. Arabidopsis sepal is regarded
because of its simplicity, accesss(ihadddry
2021) . The mature sepal I's a slightly cur
about?slo mmMme entire morphogenesis can be |
et al. 2020) . Moreover, each fl ower bud h
over 100 fl owers, which gives up to 400 s
and oHapenhe sepals is robust, especially

infl orescence shoot (Hong ets adf. a2p0plr6o)x.i n®e

5 |l ayers of <cell s: abaxi al (outer) epider

H O



cells and unicellular trichomes), three |

bundl es, and adaxi al (inner) e pAibdaexri mails
epi der mal cells have primary wal l s. The o
which influences the wall me ¢ h alPaivcesmeanntd ¢
cells of the sepal epidermis exhibit a | a
two cell types: smal/l pavement ce023) and
The giant cells are present only in the a
on averemgé€é N@B Gt andard deviation) |l ong anct
mar ker for sepal organ identity, di stingu
al . 2000) .

Arabi dopsis sepal has been an object of
devepment (Roeder 2021, kKiegrzkloavwskk a edna@alF
2018, Echevin et al. 2019, Roeder 2021, L
cell wall mechanics in this process (Heryv

deevi opment takes about 13 days from pri mor
(Smyth et nakBi ubdd @8) sth otvheed btehdadnwna Ingp mént ,
entire sepal primordium grows qui obetihnt en:
rates at the tip slow down and the grow
basi petally becomes apparent. The sl ow gr

base as devel opment progresses (Hong et a

2017) . These changes are accfompgume Pay ibryg c
early devel opment al stage$reaqgddvissiAtH t he
devel opment progresses, cel/l di vi sions ce
t hlras al part . Mor eover, i ndividual epi det
patterns, varying in expansion rate and
(Tauriello et al. 205, Hong et al. 2016,
comitbute to sepal el ongation and help evo

| elaf ke shape at the end Dlie daefldllessrpdnenntp (ol

which 1 st helfaitreal toel | si ze. Larged Ipwpl yp
endoreduplication affect tissue propertie
(Robinson et al. 2018) .

I n 8tudies of Adeavba |dooppnse nst sheaplaslo bieewe sapipd e

how its shape is maintained and how gr o

H N



l nvestigations on sepal epidermis reveal e
with cortical mi crotubul es, i's essenti al
among neighbouosmiigace!|l dssplTags | ess coorc
suggesting that proper arrangement of cel
(Mol I i er eTheal me czhGazn3d)c.a l simul ati on mo d e

observations showed t hat accumul ati on of

mi cr o$ ubrué eresi sting tangential tension, |
sepal and arrests growth at the tip (Her\
cortical mi crotubules are necessary to ma

is further supported by the observation t
deposition for the newly formed cell wall

I n pavement cell s sbafudg ams. déisani bedkl I s

approxi mately straight i n the wild type w
(Mol l i er et al. 2023). This suggests that
necessary to maintain shape of cells and

Ar abi dopsi s segplado ephjdeatmitso whesvel op a pr
elasticity of cel | wal | by osmotic treat
osmotic treatment (plasmolysis) can be wus
way, one can commanres, samal si nofcombi nati o
simulations provide quantitative estimate
Smith 2020) .

The epidermis of Arabidopsis sepals has a
and cuticul ar pattern on the epider mi s

devel opment. The pattern formation has be
CUTI N SYNTHASELAd I N SYNRMITHARKE which play k
in cuticle brogapiitHotmygoetarmnd . 2017, Shi e 1

the process of cutoncualdawi geavarktfweacse!l i @otr my et

exami ned.



1.Cut iacdlhee i nterface between shoot and env

and pattern formati on

Cuticle is the outeraeowdtioltshgespbdébmiter p
eparates plant or dan s ofvre@h ¢l iega veelsera kb 0 n 2n@
t al,. f20c0vhrHuang eMaalr eROéa/n dalgtI MK 3 ) et
| . .Z@@e2)main componehnti swaoxfescuand | po laysa ccc |
'l tfogreindeer ogeneous | i pihaelzledewouBerl ez e g
| . A0 soma.l | amoenodoki of aci dse aofdt dl apoaoe
utf{Régnoud .€utah. i3021pal tyhcmenbiadoné&br mset
scafbfuolld) by (CsatddydpCicoawethednt er mol ecu
ondksuasdlamuel Samu@3 s geKiunaslt. a2n020088 Q Hfuhe Iss

etwork is i mpregnated with intracuticul

>S5 T — o0 992 9 9 O© O”

o«cdpain fatty aci ds and their derivati

ol ysacchari des. Cuticle precursond, i . €

O T

omponent ssymhnt Wlesxi skmeg ep e o taesredmlinedt sr el eas e

~—+

o the cell wall where they move to the o
takesi pl  aeno the cel |l wal | or on i-bs surf
ol i goHteejrnisowWi 8kr29deg Edtadi fi2O&€&tl)on of cut
enzymes, however, it has alase @mdd h apo dteeln
showm wint meca surface for one of the cuti
mul til ayerr epaptatrearli ewhe nearly vertical mo
(Her-édemarero et al . 20i09) ovietrheni il € toH u sr elgiu
arranged monomer i mtobreacdwet essc af f ol wdo udifed t he
structur al(l Sk raznyi dseolt. femtmeéeacla.ut  h®2 k) postul at e
nanopacaliilcé e scuwhnfsdhrmaesdcalgemdbllfy of cutin
in muda@e the cuti nsomesar ec uttriann sapnodr tweadx fprroe
in themctyd otph @S¢t é@lpli BBy &laihtdit u sa |l c uaziGeRhgmeacs! v e
in cuticle formati on( Saesg addecs certi Haelnde vf 2obr2 Ot ) ohne
and behaviouregdi canhivesomgmst

Cuticl e f orrgrasn edaervieyl o pnmeonittoifanldl ye bhei Eager
the new materi al i's continucwshypiedded s( &
extr enmealigalbong di fferent pl ant speands, 0 |

even within parts of the same smoofTheran

H C



mposition of cuticle also wvaries amon
ntribution of differenkorcaexiadmpadbdei,@doipds s

ti |l e on t he loepaafq uaen,d wshtielne ipse ted tesertbraovne

O
c ¢© O O

c
centsuwggdastlieng that the composition of
n

organs i(sMadziurfeekr eentt al . 2017)

Three | ayers can ime tdfet eeptidciaestteicnug(usilysd hoeed x e
contact the ex(tieiuypakc! énputhipewmleart ;| ayer , wl
t he-crudn ni sed prThenaoyt € reanfd sevail hyteircul ar wa
of Jdcdhmgn fatty acids and derivatives, su
Waxesdue to their physicochemical .pifbpert
mor pholfogepi cuticul ar waxes dependsson t|
affect epdhylsy ctocchambcabritdei undeénmlyeirsg (Kofci
and Ensi.Kidnteu2008p sprbapeer o f cutin scaff¢
i ntracut iTchuel arn nwearxneosst ¢ ultuiclutl aorf |cauyteirn iasn
with cellulose and S8kheydwg)Bhpakths @6CI an
can be di sshe nglcwlvdee dAmigrot e p ot s g pii checrl midd n

the cuticle on sepal surface.

The cptagbea crucial beoweemast hddd gmawvwene@ :
epidermis and the external environment, n
t hoer gsaunr f ac e. It acts as a strong barrier
pat hogen attack (Skrzydeg et oaltperr2i02lli)n als
wadilt s pr opemoideedalna mdymd auleanioceelc @ Voif o d rhgea n

surfvatés during development. The cuticl e
and interacts strulkcocdbedhdépnt witiAhebe Etahtt
especially importdont adeoimmgdatg@an hg@sewimlec
and facilitate performanbte efutocher mayt ide

surface patterns known as cuticular ridge

El aborate pattern tofe cuurifcaaderofr i pagteas!l carv

Arabi dopsi s, similar to manyFeth&ndez aat
201Skrzydeg et al . 2021) . The fumngtpieomwmfof
organ. For exampllaer, sma@ien@lmay haedtr Irielga ¢
may thus serve to attract pollinators ( Whj



|l oss (Buschhaus and Jetter 2011) or wett:i
roplet formation (Whitney et al. 2009) .
nder ®nheogpgossibility is that rirdogde ftdremat

uticle. This i dea 1 s suppoirntdeudc ebdy meocdheal ns

d
u
c
stresses can drive ridge fCaurtmatuilamy(rKdaduwre
devel op as a structtau@poratdatph @t o wmied haamu r th
uneven growth. In this tomatexxai,nrepigeef mal
b

y reinforcing the cuticle and modwul ating

Patscefrncuticular ridgdgXodirfofuai ob e tosréegamlss p
Nawrath abnhdaéverlOh&8)ween epi dé Nmalk at &l les
Il . .20RA®n examplha,pedorrieddlIsl| yof Arabi dopsi
overed by wavy cuticular rrddgmeditddadhe t
Nawrath etlmlAr 20iid9g ptsutrdmnes egadlgses ar e wa\
irected along the |l ong axis off d¢(éHed negr gan
t alwhi2loda 7ni dges ol ohgastedfaeél ef anen al

xt.BRektkating of this variation of the cuti

Q o OO o —~~ O 29

rowth and changes in the surface curvat

]

idges formation. I nvestigati olneo&dusathuo,]
haat tirsi but(eDd ntad dcsaotnd 2f0a2cOi)l i t at es tracki ng

~—+

n wivbout.Theaeraogtiomi gumofofucmueacence r

1. BAheories explaining cuticular pattern f.

The earliest theory explaining formati on
in 1933. He postul ated that ridges appea
mechani cal i mbal ance between the expandin
cutn precursors are added in the space bet
el ongating ©plant cell in the places wher
underlying cell wal | . Il f new cutin precur

th e outer surface of el ongating epi der me
oversecretion), the cuticle, being rel at

undergoes mechanical buckling, | eading to

HY
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m

nt studies of the abaxial epider mis o
secretion in the cuticBemy20dgekrs Cor ime
es are formed first on the top of the
ace. The frontier of cuticle ridges p
expansion, which movtehsati nr itchgee s afnoer rda
growth of the under |l ying fcoellllowsa ltlh e
esGUSIm efarly sepaflUBisv eilno ptrmuernnt .e xTphree s ¢
equired for ridges maintenance. Bot h
me n ins antu iMbreU S&2m@U Salr e si |l enced, there
cell surface where ridges @ad(ke fnendt if e |
ut i culnaurt arnitd,geisn whi ch the gene encod
ne of the most abundantofétbwwedcuban
ction is necessary for cuticle ridg

—+

ed in smooth cuticle on the sepal e

(7]

been postul ated that the oversecre

ticle | ayer, which |l eads to bucklin

O O
c

stress acting in the smooth natitukl

_‘
(7))

tood in the case of ridges formatic

r i f cuticle proper expansion were re

c
—

sors into the existingstuessl ehhaye
e to buckle (Skrzydeg et al. 2021).

(@]

ouni ot i et al . (2013) model |l ed cutic
rial, which adheres tightly tofthe s
cul art ir,o dtghees pfaotrtmear ns of cuticular ri

d within the cutiodl etidaglfeesar eVeoyreéegtl

tances arise via compression in the di

hem. Di sordered patterns of ridges r ¢
cle is 1likely 't oi4bleanen deeampbriesxsiiave tsetn
ani sotropic cell growth combiaeed wit

continued cutin deposition. Ri dge for

stability in the cuticle due to this co

H ¢
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i ndi

recent Hiebsiesacrucgh pterniadtrdwerh i ghl i ght ed t h
fness of cut iaall rmp dratyaemnrts ionwpewt ttiomet haer
er n afndr nmaetaisounr e ment s of the stiffness
cuticul drlhumat teer md . f @OMB3A,s eAddi roonl dih eeste

et al . (dA0mMmMB hsboamalt wmodelresehdtucadco
ing of outer cell walls, ontwédichticat
omprising two | ayers with different n
f film of cuticle proper. Their si mul
es and their gr owt h, Sugqesdri emmgt et htah

ressive forces needed to form these p
ti ffness Hifbicsuctuigtédterill mnywewm esr otf i me show

cl e proper and t he under | yisngduau tnigc

| opment , with the biggest drop in sti
e (Airoldi et al. 2024). This softeni
al so the overall shapehasdpsiopgpeeaf ,h t hd

t heoretical and does not yet acec
e, the stress distribution at the

S
anc
icle remains poorly cackandgt arfifzed, raldtg
ove

ver, the cell wall itself is-paamechatl
il e stress resulting from internal 1
owczan et al. 201®) ,t hadMbeycsldaerimuc @ lhest rc
e not only within individual epiderm
ctural and mechanical differences bet

SieverWwo ] 12a8zZek Heéej) BdwWi2czvvervger et al
nstr atceed It haadth ecseloln coordinates tensil
er mi s, mai ntaining mechanical conti ni
ct on stress distri buthieonc,utwhcilceh praa y
fies the mechanical environment i n
rscore the necessity of considering |
studying its structuroekamsdicfhurcatiitort.a
e ( uaannat big/tfsaett ihvee r el ati onshi ps between ¢
otropy of epi der mal cel | wal |l s, and

vidual <cells may shed a new |l ight on



Despite extensive knowledge about the <ce
currently no comprehensive study integrat
structur al ani sotropy, and anisotropic gt
pesent thesis addresses At abbsdogmissbpyd hian v ¢
epi dedrunriisng t he ma toua mktii minn gs t Rkgrea n i magir

structgamradenklminygyses.



2. OBJECTI VES

The primaoly ftleédfs wamli édxiea |A reapbiiddeorpnsis espaetih,al i
the main object of this investigation, 1is
walblf the flower bud.intwica@moudthuk| dwe re xadan
sampli egui oeed@xamine the wal.l components a
Therefore, the outer periclinal cel l wa l

devel opment was chosen t o iannvde sctuitgiactuel atrh e

formathowi Il d type and cel |l wal | mut ant s.

i nvestigations because it facilitates ass
singl e meins urievmgo ftnggt he pri mary cel | wal |
maturation provided complementary infor ma

structwirteh focus on the formation of t he
Thebj| eotfi pehees eanvie st iegrbebi vasi Wy the foll owi

Hypot hesi s 1: Pri mary cel |l wal | composit
during the sepal deweslidp menatd baiy mpdnieadt2igd h & ¢

Hypot hesi s 2: Primary cell wal | of Ar abi
anisotropy resulting from alignment of it
Hypot hesi s 3ance@dfli oaddcy oafponent i n Arabi

a compensatory mechani sm.

Hypot hégbhesi dtteah pf a@aptpiecuni atrgh er | adwteesr pe
wall s of Arabidopsis sepal I sati nfheebic md

pattern. formati on

Hy pot hElsgast tbEmum i culiasr crhiddnggeismg t he expansi

sur face



3. MATERISAIND METHODS

3.Pll ant material and growth conditions

Arabi dopsLs (HaVynhnporl i Riaensa nesirermalgadGed 1
(AT2G2DPMm2BPAT3I G4 XY BAAT1G6 nak@(GAT 1G80350) . 4
the mutant s@ebackgmoumae, Cwédre graciously

Boudaoud and Olivier Hamant from Haolte No
were grown in soil i n a groWwi®@ hobmghundi
dar krnddsumi nat i'ésh, 7t8e MpreorfanOa ea@lddd® % 2Re |l at i v
humi.di ty

Ar abi do-ps iamaddtdolt a nt (AWEG@0uWssdddyr conf ocal
i magbegds were stratified for 2 days at

germination. Pl antgsy omerhe mtgowawh ong saiyl cion

h Ilight / 8 h dar kn'éssapt, e mp ¢ R #heainan 6D5
70% r el at iTvhee hpulmaindtist ywe r e aunsde de |feocrt rloinv emiici
anal ylsowbeusdftlefvel opme&iiaEmgt hges al . 1990)

3.Raman Spectroscopy
3.2PLant dissection anBamampbpeptepacapyo

I nfl orescences were cut off from the plan
buds i n stage 10 or( Slny tonf eftl &G enp [1dOedVOe) If 0 T ra
surface were prepared for Raman spectrosc
of Wuyti(Wugt salkt Bithef2logpal s were fixed in
kept underoneaauumofoorr ttetmpreraead WAE, at | east
h)Afterwards, they were treated rmnwarmdiveabsc
membr anes and partially epicuticular waxe
(70 %, 50 %, 3 0 %) foll owed by deionized wa
protoplast | ysis buffer of sodium dodecyl
02M NaOH) for 3 h,Uamyé atsed| Bi gtmRdc DK Boms
|l icheni fi amr MBS (Phosphate Buffered Saline,



resi dual starsad)ur ammeedwamowernveol uti on of

ml ) for 4 h (to rs)ymoveaen drroitrogpd da sitn rwannernt |

Such prepared sepal samples were placed o
epidermis facing the slide, i mmersed in p
conditions during Ramaumnc dwmargd lfigpls8a midn Id5hv e
(CAMS1602, Laser Optex).

3.2R2@man i maging

Raman data were <collected wusing WITec coc
equi pped wiotllmdalshseprpbheditmndled=d &b832y , P = 30
mw) , a thermoelectrically cooled CCD came
NA) wat er I mmer si on objective. The excit

mi croddhopamgdhl asr inen nt asii migo gee opticam fi br
di ameter). Raman scatt ernmoddel ifgihbtr ewa(s5 0f oCcru
anamonochromat-bi néligmmta ngg0 prlespedt ngl 3r e mol
The spectrometer monochromator was calibr.
and before each measurement s@r iwass, utsheed s
a reference value for checking the spectr
the sample during nteas ulthemelnatservads rfes ol i
estimated according to ®©®NA) Ray!l ERgh @BDt @
spectra gathered during-4R®M@amm magi ng r an

Surface Raman i maging was empl a¢ayedat owadll
obbaxsxeall epidermal cells in two ways: al
(s8e2.3 Transect Raman measurements and
Curve Reidbt at hahi ng Leagt; Sognuwdarfsdrapgeeodl dic
portions of cell walls3. XZa4t hewgl. emapsed



3.2TBansect Raman measurements and data a

Cur ve ReisAolltuetrinbant i ng Least Squares tool

Firagtowesol uti on i mage of the whole sepal
i nt eFiegsA) ,( such that it was | ocgtahedchams drh
cells were not adjacent to st olmlatcae lalnsd wweel
selected from each sepal. Five measur emeni

of these waldlssq wthhe hl ong axis of the sep
measur eemeBnY)B ([For every imeéagunee nogdmtlt isanand
accumul ati ons PFweurre saepppallisedi n stage 10 and

devel opment were anal ysed -0 nansducchelwa ywaflolr

Fi8g.0(A) Exempl ary i mage -0ofs etphael bians aslt apgaer t1 20 fwiQ
for meas By ethenmsed ( mage sohfowneWin mAuemmbéeér amsect
measurement points | abelled by crosses.

Anal ysi s of transect meas hde mentvar iwaatse pGd
Resol utAlother nating LeaAltS)Ydpu dbroxs of MCRATL
( Mawohr k s, Nati ¢ lFeleMA2DIIBSADt ai ned dmeetra v
ranged 809 cemnd baseline wiotrhSatehidcalkgy smbbt &
anmdor mallbhbywat obal area were performed for
were subject-AL&S fammal ysi s ME@RmMi ng -caal ltehde i
Component spgec2tdrlla5)(.FeHotreneach set of 200

sepals x 10 cells x 5 measurement points

op

35:8627988900



12 sepals of a given geéehottybpber ta&beCoegdohne
1 anwer2¢ distinguished with a minimum num
the convergence (minimum 98% fit)o.f Then,

t wo Component s, the Component with the gr
recognised for the TwbBdevaeahdpmdnt atlh es tsaf
di vi ded monrggome ihwsoerCo mpom€@€ompdnemnt 2. Seco
Compospattra obOasepdl §oweCel used as refe
1 and 2 recognised for each devetlhitgpment al

O reference spectra using Euclidean dista
Spect CONCENTRATI O
numbg Componeg Compone
é é é

15 0. 051 0. 036
16 0.023 0. 059
17 0.043 0. 045
18 0.016 0. 063
19 0. 024 0. 057
20 0. 034 0.049
21 0. 032 0. 054
22 0.022 0. 059
23 0. 063 0.031
24 0. 059 0.033
25 0.039 0.048
26 0. 062 0.031
27 0. 089 0.012
28 0. 082 0.016
29 0.071 0.024
30 0. 064 0.029
o é é

200 0.090 0.008

Tabld &ragment of the table showing concentrati
spectrum obtained in tran@Gecttagneaklpeimpmerst ( a
concentration of Component 1 are marked in bl

3.2Cé1 1 wall map s

I n order to c¢hobohbkaenatlhyes ibse s tt hree gciedn fsourr f ac

4m | emORaman i mages, further referred t

ocC



Fi8.2A Then, data asenaé¢ | h@nmqpli aMedd i f.reomt he r
|l ocated in a ckhogeal ,pait hofant hetegratio
speciursimg a step size of ~0.33 Om in both
30 grid and 9.00Tmegecxcdantar aln perttalgf t he cel
di stortion due to the surface convexity
perpendicul arFt g .2tBheThasgprobedumr € has beert
of stage 12 for each gegbagppepaVvemennteacaél

t he basal part of the sepal was selected

The imaging was perf owmettdhpeb baarr maent iivearstl a&tsiso
chanf@r oM oOA9 OwailtBh step, in order to identi
max i mum ¢ ihaggniad ndfemdrd mchent cel | ul oSFEumtamar ar
anal yses were per fAbpo 8 Owa3dthhr swlre@reenttaki é omew
refertrheedxt mum i ntensity mMolfn tohteh ebriafemdo sadts 71 0
maps were col lemclh enil Orfeogri oena galot | ¢hddiifefr é reenritat i
and after the orientation with the maxi mul
for furthiAére sameypesvcedudmapself tovelbecf uon he
was perf oriné cd e poenncduetnstp b ebi afsiacl 5 .07 OcOm.
Crystalline andsfarmidmipboy st It iRaekblld. 0 alefrl )
usededesampkes!| If.olrRbasnrea n mefaosru rtehnee nrtesf er enc

were pefobonméedatdpdifrrokamti sagl expl ai ned abo\

The Raman output dat ac eveseed iinn t WlaT ¢ ¢ P rpmjs
software ( OxfAdr chgldrosnt,r Omd rotrad,shire, Engl an

baseline correction using haaponi fat@slimalo f u
ray removal procedure (comp@sriigmgleach ndi X
smoot heth®abwiiGe kgagy dhielntiecral i mages were t

i ntegr £Hi g dstiGde tr el ian e d b h2e8dBD 4 0lo@mrg i o n

(Gi erdndgahwanBiocgeret ZRAG/.22RA D1 Vi suali ze
in signal intensity ofot hleGnmeicdeOremal waél |
maf@i 8 R)K-means alalytsers using the Manhattan
di stinguish averaged spectra for the cell
(nomdged cluster) and f owaltlhse (rriiddggeesd wcilt uhs
averaged spectrum obtai nedr readloirsyt tde va ldu st

raw signal by the totalnilategradt ece imet &g

oT



tried to visualise differences between &
procedur e, involving subtractionrbotigede
cluster spectrus, laddAssicgnmemtsaoff sepectr

cel | wal | component dgetl podgedmeandf npni ma

Fi g . Raman oniapshe superficial -0esépwhbbgiad hredir a
by integrating8bé&memgkr ¢@H2bBNAKger and, Schwan
Bock et cdalaraz®2t) stic for( AAhl exempl wall | aogp
Om x 40 Om) on which a region selectedefor f
white (sBhxamel ary semalxlem)@dapbt(diOoned from a near
t hsee p al surf ace, which was used for further ai

Thbandfdtting analysis was performed for e
GRAMS/ Al 9.2 software (Ther moFi sfhuenrc,t i Wanl t

with the minimum number of components nec

arrangement in the experimental data. Thi
par ameter s, including the posithamdsa.ndBy n
empl oying this approach, a comprehensive

done to sepuapeadief iceel dywrhmeteri ¢ (sym) and a
related to the fad@)s,aned gl I''2200DBm(csne e

ab4 8romcebhul ose bands originating from

-

unctional groups of other polysaccharide
he integrated intehai¢yg bamibsd QARL2RaesnNul
used to pol &atoiwesntdneepman cce nt cthar & edi¢gun aol §,e

—+

facilitating the investigation of the mic
intensity ratiosr elsagtiamhtlalndorwered | wd los el

poleamriasngles (every n30rAwratiribsn 0 Aet suMm0OAj =&

oy



The same procedure wit-h7eal ¢wmBawacsmnu socefd ttho
anal ysepeuwt if daricel ma fe@s Ct)d Ra migr ez ,éleradi a 19
Guerrero et (@+C) 2pHe&epaiGeaaerd et (@+C) 20
conjugiamé@d coni f e(rgilerdlicnoghrearl and); SqICwaON ni r
coni feryl al de@iydarel; i ( CerOLad i @))ashcdh waO=nd)n geesrt
(Ramirez e3®m® . all@i9e@€m®l9idnger and7 Berhevainai n
GueretralMat2du 4e tT rad .i Rt0eldriat ed i spewnsiitiyg |
bands was cal cuploatadrdi sh-dapgh cewt t hleanges (

90A) and estimate the extent of cuticle c

Polatriegndapanecenive v sanuguwssinggd MATLAB as pol
based ont baebgowaelss sippfeed f i ¢ regions of the s

cellul ose or cuticle component s. The rang
visuali zati obheadt p®quarde <Mitlyptetdi &y Fmettthiondg
function in MATLAB) was appl i ed -stpoe ca sfsiecs s

bands with reteyehaétl samphag amerphous i anda
fiedt coefficients to represent the polar p

pl ots multiplied by the coefficients.

Putative comwasskminsedt heebf agt ve contsri but.

from pectin, cell ul ose and hemidcgeeldl ud lowsst
obt ained at t he ma Xpiorhamise@m s ehsvebyandf | ulh
10%8n Hor this pur posspeecisfealce cttoe di nbdainvdisd u a l
chosen for @ectdealsl WI8Hsoe amdo h& mimehH!l ul ose

(Fi.8 3&nH) . To better visualise sbhegreati n.
from different cel | wé8l lwecemparbd mta,t eda If
mut ants. Data analysis and visualization

STATI STICA 13 (TI BCO Software) sofdgware \
Becausenof malondat,t ed ipsatneainb u ¢t i b éhti t onfe yMawvans
used to assess the statistical sDgminfdi c at

mut ant s.



Col-0 raw spectrum

Col-0 fitted spectrum v
Fitted bands {

. /\\ |
i
/} M l, U \M }}{A ﬂ QQ&

800 900 1000 1100 1200 1300 1400 1500 1600 1700
Raman shift (cm )

Normalized Raman intensity (a.u)

Normalized Raman intensity (a.u)

800 900 1000 1100 1200 1300 1400 1500 1600 1700
Raman shift (cm )

Fi $3. BA)Exempl a&r yceQol wall spectrum obtained for
t hpeol atriiesn pltamemt @h 6 hoeeyl laufée baeed bandasatt Héd 98
hi ghest. Curves representing selected bands o

assessment and are plotted together with the
he orisemsati oe band fp(CO€ei)nmul ase (HLO9BI cen
abel sséehei nionwe Hh@@CIg) SEAbdm 4.hxE red arrow

he region insénsinigvechbendalath3dds wahx6ebsO (c6nT 8

m) ; red ast ersiesnks iltai bveel sb atnhde rnednat ed tlo 3c9ut i n,
m) B)Tlhe spametrum with selected bands specific
omparison of their relative sighal cehtuoul bsge
098, cemnd for hemicellluloses around 1313 cm

RPOOO —+ —

3.C3onfocal l i ve 1 maging

3.3PLant di sszmplrepaanadi on

Api cal porti onsi da buoduifth glrOe sgveeriraean ¢ sotl eamh e d

f oweeokl d plants and dissected with fine t

nn



ol der than stagge 8u@Pmil Biveermseeplat ed9 9 M) t he

8f l oraThétudesrescence portions with the unct

were used for growth tracking. They were
wi t h i MS medium supplemented with 1. 5%
Protective Meddlulm Te&dPhvolPd@y)t, Cby pl acing
samphethe incision Badalisn wehe mendigem eV e
daylsf. needed, i solated inflorescence port.]

scan such that the same side of the veampl
i magi ng, samples were transfei neaduintdeeat he

l ong day conditions (28§ .h illumination, 8

3.3Canf acseelr Imi croscopy

Conf ocal i magi ngt weps ipmerrtf ccromdsb quail tphmedr ws ¢
a |l ong diwasrtlkaincte water i s(merMNA,0onApddh rodmate)t

-Zei ss L&EWM8®O®OdUUtoiciudlgeg s f or mati on and chan
-Zeiss (sEM70@1 1 ow changes of ridges patt e

For both microscopes excitation was perfo
and the signal was collected between 500
102411024 remoX winj ®nwi(tlivy 00. 7 Gdm ndei nsstiaonnc.e

3.3C8nfocaadnaltwgsks

St ac kenfodc ad i mages were processed with
Mor phoG(rBgprhbXi er de Returidtlses le.t T2a0e2 2s)20 1 5 ce
sepasl dwat ect edigas sdeotgddativet h a B6D006shodbdl ofv
by delyeet ecgt eol with a -ba@®ee@shdohd strfl866 w
usinmatbki ntpodublesi ze 1 Om)emmeld darat isragnpi a |
surface was created. The mesh was subdi vi
| ocal | rangdpu loadgtoadidnesi t t o the sample surf
signal of the epi #erQOmalab2oevlem tboat bwcehef me
thenojeatede recontsarwuics eal isaue faetwei cul ar

nmm



segmentation in MorphoGraphX was perfor me

The s anwercelilddn teiafpiba it me

3.3Adsesomeerepdnsi on, shape and alignment
Cel | expansion was represented by growth
# 1
2 # 1
whe#le-cell surface area at#t heceblelgisnunrifnagc eo
at the end.of time interval

Colmaprsepresenting growhdédt wead n ofg oficwretsiemes r y

di spl aywed|l as d on the first time point.

Cel | principal g rwewdehs el sedc tfioamsp ¢ IRYDEGE) s
way wal | junctions of each cell (Barbier
ma Xx i mal and mini mal growth and correspon:

anal ogously to GR) wedter apyeSAmrid) Wwa&d |l cagm

. .08
T Egg

wher ema@D@ RPRGe growth ratios in the direc
gr owt h, respectivel y.

Local ,iPDeGs PDGs of @amalilndfi wmaagiwiemteo meadat e d
usiNiagr phoGr adpehfXo r2natdilhadne f o r matpitesglhoct t he
surfaceat@&algmeonul d def orm t o atc2hdi ehv,e btahsee c
on a continuous mappusgebinedthel danedmimice M
c omplud @DIGtshe foll owing | aodlmla rtklemeneg e ee ldle f |
wall j maocowuiabhy, speci fied ped tnlirse iignh btohuer inmig
celliqgqmgddtti onal | andnat ke smahbaaé] ywlaiddle d
identified basedhen|l okhalr PODGGaswpawer diamdab
firtdtme proapathd wer e proj ecacuwicrestcbgbk the
Mor phoGraphX 2. 0.



Curvature was computed for t heansdurvfiacelafs
usipngjnecthr vattawale. Curmapménoevi agl d ot @lc ami ni
ma X i mulmo aoeelan curvature wer e p>metghaer esdp autsiian
extent withiumi whi pbi nesghbe consi diemed f o
t he cagmddbd | Ibs gRath) uand uRBhgdmbq Par amet er
smoot hing procedure to remove naairse)s.esCur

were assessed for the entire periclinal w

For e achha pcee Iplawassnsectoemrp ut ed as t He nrgathi a oo ft
mi ni mum | ength of the cell. The minimum a
Mor p ho Gir alehgii m axriasnld n gnalp axri. s The t ool wuses P
mesh triangle positions weighted by thei:
shorter axes eftwesrhe diedildedAlilnttde3 cgroups
shape panamgetohe. dhape par almetter2,r agtgeup f 2
23mand group 3:Figo4d.e than 2.5 (

For each cell al so | obeynevsosr phaiGa m@ th &r !
lobeynkat dedeergirkeees otfhd obi ng boumpdafitiraisi o
cel I . lts values close to 1 are character

characteri sltodceoouft Icienlelss. wi t h

The abowvecepls were appld isendd f3oma d3p aslespadfs o

Group 1 Group 2 Group 3
X X X
y <2 2< £<25 o>25
y y
Fi.g 8cheme showing shape parameter of <cell s b
Confocal i mages ofusepal asurfiagefreeadyh ae
the beginning of observation, wleo emeuasseudr &

ani sotropy of cut hleiulfeadr Il rpddigeesogwepat us ed



(Boudeato2d@IllBi)) rZstt,ack projectinohewst hy maas ma
in | magbBhohwerde sur fcaceem rvbiytbh ea cutnt bel ael pa
sur fexecd ,dliumg escence siigmtacretbd i gri ; a(tp anrge f a
cel$wsgh ionmhagtehse s épalg mscuoadplaepared i n the
foll owing(ielhbamsdcdepsontrast withiagqjtwstat i
contrast and brightness tToh erne motvhees nasraisseo thb
measwrsekigiooednd visuali sed aselreecdt edn adee | sl es
exhi bhcewtdi cul andpapeéeeentc ams etchurteeev.@ oTi hnet s

l ine segments represent the main directio

the extent of ridges alignment (anisotrop

A similar analysis was performed on a su
divided into portions, the>mdand @0 Ahea o

endings of ridges were used as | andmar ks
time points. For each cell t woFitg.5f Bar po
every such portion its smerrfeachedo Oeerodas and

used oal sonaffs yegbe, rdudmgiesed e wh esdvdr rrfaod d o we d
indi vadbhdgkebne spoi nt

Al he tcomputations were per fCodmeazansdf oeal 12sl afe
sepamad®f

Statistical analyses were perf oBemead sien 0ST
nomor mal dat dh ed i-psatnrai nbeuttriiocn-Wthe sthnegf wllanmus e
assess the statistical signi f0i cmadc® of ob

Fig.Exempl &Or yceddls (upper row) with cell port.i
cuticul ar r iTadales( lueswerrg rFa vbd)r.i |



3.9ampl e preparation for electron microsc:

For transmission el ectcroovrermidc wod howgwe( TERM
di ssected fronmvefebkbdapl bBods &ndmfédxed in 2
7.0) overnight. The samples were ri-nsed w
fixed with 1% osmium tetroxide (Os@ ) for
graded et hanol series. After dehydration,
Ultrateestions (90 nm t himekh weppemogni ed

stained with wuranyl acetate and |l ead citr

For scanning electron microsdmongpged SEM)s e (:
were acquired with a HIROX SH3000 tableto
t ®0AC for at | easob s3e0r . W mil drefabr budampeee
on conductiv-ei dadbbamppicd dlee rigd etcho t he cham

seal ed, vacuumed, and i maged lantagamgawaes]
performed at magnifications: 5001 to visu
fromtfi emti cular ridges on the sepal, 2000
epi dermal <cells while capturing groups of

settings.



4. RESULTS

4 Clomposition and structur al ani otarnodpy

selected mutants

4. 1Changes in primary cel/l wal | compositi

type and mutants

Raman spectifiosedey ewas ¢hangesmpiosi tion of
walls during the | ate stwppetsiseetl eseépdl ceéV
mut anfThi s was addrsepadd by cdemap@ roapmige nlt2a |
pl ant sdiofff efrievnetC o-a& swial ydpcassp drdg d 51 whi ch cel | 1
fibril arrangened@ita hit peafdé mby kdstaenndyflilcat i
wi aht &y 8dn g€ltpa hseep aslt gd 6 wi mghdarcuth awges

cowvdrhmvehol esaefyet Semagldsaare no | omanddreigr owi

entire surface is covdged with distinct ¢

Themposi promaonyscehs wabessed for the | ec
cewddHi ve measur ement s ewavrhd | p & rrifaagmnue etdh,evidt di
axi 9 hedlanhare further referred. Ttherasséecan
measur gwme epttesns ecdko mpare cell wal | compositi
stages antut anttdmewhd Rtaynaen. 9pea@at nad from t
measur smemwt sonliyf fsemaelncsde phbt wges 10 and
bet witeleen wi | d t y.glegaanred mautnadnyt smani fested by
band i nFe@lTheestfocbrpeer f orm a more detail e
di verwsi twyisee -MCB t oioiMAdI X AB t o  dsiasdlilngdii s
Component spectra for aBds etdheont rtames ee v aln

eigenvalues, the number of Component spec



A Stage 10 B Stage 12

MM
AN~

PV VAN

800 1000 1200 1400 1600 1800 800 10-00 1200 1400 1600 1800
Raman shift (cm-) Raman shift (cm-)

|

Col-0
csil
mad5
pme32
xyll

Raman intensity (a.u)
Raman intensity (a.u)

é

Fi.g. Averaged Raman spectra ofO0O tamdsmotamieasap
developmen({adadndcitByes 10

Compari socgompfonehée speucdirvb@R-ALS & v esaudbst | e
di fferences bet weenl nt hbedteehxwaimfk chde @Lwed f d wa l
the muti@dnd,s Qomgperwemwum 1 & cdegret i1f0i dd fsd rmi |
oft ageanld2 t haep psta@eesnp o speerctt r um 2 .,inF cPothex a mp |
Component spectr aoVerblwa8pga@enp oInCk n§ 6 @ho taxh d
Componemhitdg2e) I(n the case of both stages,
Componentl smesc tZmaani f est ed Chmp dmentprefentcreu
a band with a frequentcm aosfs oacp partocexdi naitten yt
vi brations obfandmxXi@t=e@ bwdndhF{ap)2asTleesskbom
occur in esters and can be at(riebbdt &d t o
id. 1.2 Assignment of spectrum peaks to pr
and -miochged portions ¢9.fA p@r if rhiseertyeweceen |t hwea | t
Component sdwéd$eaksad s i gemsale dgiimdtlebrisshitthyibeasn d
at 14 4branddnl Hii4n.2aAnR), characteristic d6for def
t hGHstretchi niCvC bamda mdéenfiser mat i onfCH i birmt i c
esters (cutin) (Taanbdl e s4t.e3r i fi ed pectins



Stage 10

Col-0 Component 1
Col-0 Component 2

Stage 12

Col-0 Component 1 VIl
Col-0 Component 2

>
o8]

i Voo v

Normalized Raman intensity (a.u)
Normalized Raman intensity (a.u)

L L L L L )
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm-) Raman shift (cm+)

Col-0 stage 10 Component 1
= = :Col-0 stage 12 Component 1
Col-0 stage 10 Component 2
= = *Col-0 stage 12 Component 2

Normalized Raman intensity (a.u)

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman shift (cm-)

Fi.g Zo0 Conmptonzpectra obALaS nfeodr wsietphf AdQR nl1l X3t ag
(B) The blue spectrum corresponds to Componen
smal l er group of spectra are similar. The spe
di fferences between the two Corhponfeigteosvgsect r
overlaid spectra for CaAmp oansemmetrsk s &tfh et hRea mtawmo |
characteristic. Rbman Coommeerseids flor bandhneassigr

wavenumbers and bandabldBen4ities are given 1in

Despihbeegh s ibmit Wemmp o segpretottrhae t wo devel op
st ageosofto) amiut @;itnlset age s dd o fterri IContn pt cheee o

1 andnaditvo dusad€ a bdbendpoment ¢ onc e ndMareaetriioanl p
and Me)iBraosdesd on t hwealiivinfderdmatbiformhgi s pacest ¢
eagknotype into t hos@ nphoante nar el hnaomdea teski onsi el
similCampomomdnabd2lSucamal ysi s i sshews qt¢h atd he

genotexpgexpty, floamodr spect Campomentarl taond 2
the samgdgthsepactra Cemmohant t @t demiagaent dad | t
genottylpeesgcontri bution of Complinlesmtatl timer
ti meh,e cont Corbpdnemt o0 decreatskes. siThoisgd =
Co0 Cdmponent 1 contribution increacsdeis fro

ny



(from 10 1x yilot 12t59ge 12, the dof@Gomabibentof
i's even &t ghtetage hhO.

Stage 10 Stage 12

Genot numldr spectra si mil

Compon|{Compon{Compon|{Compon
Co0 101 99 159 41
csil 101 99 125 75
mad>5 101 99 154 46
p me3 102 98 150 50
xyl 1 131 69 169 31

Tabd &€ontri but ioinmiolCa mspptetcetrota 2 i denti fi ed usi
profiles ME@RAdArSated by

Nexwe, attempted tCompompatesmecantt hee Cwil d
O componernetc osgpna cztehda tFw @2AxatnBR)g eass (r ef er ence
(Tabd &Fi 4)3We then compared the mutant Comp
the wild typO,Caunpoinge ntthes pGoclt ra 1 dreimngt.i f i e
4 . 22A H) as refermamdeFsdg dthed ahal ysi s show:
Component spectra identified for mutant s
very scorkraspbpbdragce spectra dcomwohdntyp
spectrum Xxydfépattlasge thz2re is at | east 95%
Co0 .

Mat chiQodlr eberence

Genot | Stage 10 Stage 12
Compone| Compone Compone Compone
csi 1l 98 % 97 % 99 % 97 %
mad 5 97 % 95% 97 % 97 %
pme3Z 98 % 97 % 99 % 98 %
xyl 1 97 % 97 % 98 % 92 %

Tabd22Compari sohrse foefis @@eartiéor aC o mgpoencebrbti a i ntehde f or
mut aMatschi ng oCGo mplheremut ssmptect r ur tso etchi e urnme fiesr g
in percent.

n d
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4 ynamic changes of cuticular pattern on

Raman spectroscopy facilitated investigat
cell walls of Arabidopsis sepals. The inv
composition during tdhevdlimpmdamntt agelbamde ¢t
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present chapter.
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