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Abstract

Lignins is a polyphenolic polymer of the cell wall involved in many aspects of growth and
development in higher plants. As a major component of lignocellulosic bipinhesalso of
economic interestAlthough the biosynthesis of thkgnins polymer is relatively well
understoodyve need to know more abolibw changes (quantity/structure) to other cell wall
polymers (e.g., cellulose, hemicelluloses, pectins) afiigiins production. To provide more
information on this question we implemented a “pt@seapproach based on the use of
biological imaging. The first phase involved the development/improvement of different high
resolution complementary imaging techniques. We firstly developed a novel quantitative
ratiometric approach (REPRISAL) based on the patac/artificial intelligence segmentation

of confocal microscopy images obtained hgnins chemical reporter biorthogonal
chemistry. This methodology allowed us to precisely map the lignification capacity of different
cell wall layers (cell corner, eapound middle lamella and secondary cell wall) in Arabidopsis
WT plants and therx64 mutant. In a second development, we modified the REPRISAL
segmentation algorithirthereby enabling it to be used to map relative cell ligalins levels
determined by the ratiometric safras@nfluorescence technique. Finally, we used Raman
imaging to compare the ability of three different multivariate analytical methods (unmixing,
cluster analysis and orthogonal matching) to provide detailedabpatbrmation about the
distribution of different polymers in plant cell walls. In the second phase we used the
developed/improved imaging techniques to analyse whether changes to cell wall
hemicelluloses affect lignification in the Arabidopsisd mutant. Our results demonstrated
that changes in the distribution of cell wall hemicelluloses do indeed modify the lignification
process, particularly in the younger parts of the plant floral stem. Targeted transcriptomics of
selected cell wall genes swegjed that the observed changes could be related to the induction
of a defence response. Overall, the techniques developed within the framework of this thesis
should prove valuable for future sted of cell wall dynamics. The results obtained onir
mutant provide a novel insight into the dynamic relationships that exist between different

polymers of the plant cell wall.



Kurzfassung

Ligninsist ein phenolisches Polymer der Zellwand, das an vielen Aspekten des Wachstums
der Entwicklungund der Widerstandsfahigkeiton héheren Pflanzen beteiligt ist. Als
wesentlicher Bstandteil depflanzlichenBiomasse istLignins auch von wirtschaftlichem
Interesse. Obwohl die Biosynthesen Ligninsrelativ gut verstanden isiissen wir nichtwie

sich Veranderungen (Menge/Struktur) bei anderen Zellwandpolymeren (z. B. Cellulose,
Hemicellulosen, Pektine) auf die Lidizierung auswirken. UmdieseFrage zubeantworten

haben wimehrere Ansétze basierend bidlogischer Bildgebung verfolgt. In der ersten Phase
ging es um die Entwicklung/Verbesserung verschiedener hochauflésender komplementérer
Bildgebungsverfahren. Zunachst entwickelten wir einen neuartigen quantitativen
ratiometrischen Ansatz (REPRISAL), rdauf der parametrischen/kinstlichen Intelligenz
Segmentierung von konfolean MikroskopieBildern basiertDiese Bilder wurden ih Hilfe

der biologischorthogonalen Chemie vdagnins-Reporterngevonnen und ermdglichtedie
Lignifizierungskapazitat verschiedener Zellwandschichten (Zellecke, zusammengesetzte
Mittellamelle und sekundéare Zellwand) in Arabidopsis Pflanzen und der {dMx@dnte
prazise zu kartieren. Dann haben wir den REPRISABegmentierungsalgorithmuso
modifiziert, dass er zur Kartierung des relativen Zellwandligningehadtsierend auf
ratiometrischen Safrani@-Fluoreszenztechnik verwendet werden katuséatzlichhaben wir

die RamarMikrospektroskopieeingesetztund in Kombination nit drei verschiedenen
multivariaten Analysemethoden (Unmixing, Clusteranalyse und orthogonales Matching)
detaillierte raumliche Informationen tber die Verteilatigr Polymere in Pflanzenzellwanden

zu bekommen. Damit konnten wir nicht nur die Lignifizierung verfolgen, sondern aloich
Cellulose und Hemicellulosen did.ignifizierung in der Arabidopsis irx®lutante
beeinflussen. Unsere Ergebnisse zeigten, dass Veradnderungen in der Verteilung der
Hemicellulosen tatsachlich den Lignifizierungsprozess modiBrigiinsbesondere in den
jungeren Teilen des Blutenstamms der Pflanze. Die gezielte Transkriptomik ausgewahlter
Zellwandgene legt nahe, dass die beobachteten Veranderungen mit der Induktion einer
Abwehrreaktion zusammenhangen konnten. Insgesardendie im Rahmen dieser Arbeit
entwickelten Techniken wertvoll fir kiinftige Untersuchungen der ZellwanddyrseimiDie

mit der irx3Mutante erzielten Ergebnisse geben einen neuen Einblick in die dynamischen

Beziehungen zwischen den verschiedenen Polymerenldazé&fzellwand



Résumé

La lignine est un polymeéere polyphénolique de la paroi cellulaire qui intervient dans de
nombreux aspects de la croissance et du développement des plantes supérieures. En tant que
composant majeur de la biomasse lignocellulosique, elle présente égalemirtérén
économique. Bien que la biosynthése du polymére de la lignine soit relativement bien
comprise, nous avons besoin d'en savoir plus sur la fagcon dont les changements
(quantité/structure) des autres polymeres de la paroi cellulaire (par exempeléyltse, les
hémicelluloses, les pectines) affectent la production de lignine. Afin de fournir plus
d'"informations sur cette question, nous avon
sur l'utilisation de l'imagerie biologique. La premiere preasensisté a développer/améliorer
différentes techniques d'imagerie complémentaires a haute résolution. Nous avons tout d'abord
développé une nouvelle approche ratiométrique quantitative (REPRISAL) basée sur la
segmentation paramétrique/intelligence anifle d'images de microscopie confocale
obtenues par la chimie bmrthogonale des rapporteurs chimiques de la lignine (click
chemistry). Cette méthodologie nous a permis de cartographier précisément la capacité de
lignification des différentes couches eparoi cellulaire (coin cellulaire, lamelle moyenne
composée et paroi cellulaire secondaire) chez les plantes Arabidopsis WT et le mutant prx64.
Dans un deuxiéme temps, nous avons modifié l'algorithme de segmentation REPRISAL afin
de pouvoir l'utilisempour cartographier les niveaux relatifs de lignine de la paroi cellulaire
déterminés par la technique de fluorescence ratiométrique de la safbariinén, nous avons

utilisé l'imagerie Raman pour comparer la capacité de trois méthodes analytiquesridedtiv
différentes (normixage, analyse en grappes et correspondance orthogonale) a fournir des
informations spatiales détaillées sur la distribution des différents polymeéres dans les parois
cellulaires des plantes. Dans la deuxiéeme phase, nous av@seslatitechniques d'imagerie
développées/améliorées pour analyser si les modifications des hémicelluloses de la paroi
cellulaire affectent la lignification chez le mutamnx9 d'Arabidopsis. Nos résultats ont
démontré que les changements dans la distribution des hémicelluloses de la paroi cellulaire
modifient effectivement le processus de lignification, en particulier dans les parties les plus
jeunes de la tige florale de laapke. La transcriptomique ciblée de certains genes de la paroi
cellulaire suggér que les changements observés pourraient étre liés a l'induction d'une réponse
de défense. Globalement, les techniques développées dans le cadre de cette these devraient

s'averer précieuses pour les études futures de la dynamique des parois cellatanesiltats
Xi



obtenus sur le mutant irx9 donnent un nouvel apercu des relations dynamiques qui existent

entre les différents polymeres de la paroi cellulaire des plantes

Xli



Introductryoverview

1.1. The Plant Cell Wall

1.1.1.Background

In plant cells, unlike animal cells, the plasma membiarsirrounded by a semigid wall

with a complex structure. This wall, unlike fungi, has no chitin and contains cellulose. It is also
different fromthe typical wall ofprokaryotes, which is composed of a molecular mesh based
on peptidoglycans. The waltontributesto the anisotropic growth of plant celland,
consequentlyto their very highdiversity of shapes and sizes. This cell walys various
functions in the plantlt allows living cells to support high water potential values in their
surrounding environment. The water is then accumulated in the vacuole which will swell and
push the cytoplasm and plasma membrane against thehathvill prevent the cell from
bursting This structure combines both elasticity and plasticity propesdi&sving cell
division, irreversible elongatiomnd permeability to water and solutes. It allows the erect
growth of the plant, i.e. it provides a structure that allows the plant to grow in hefighs.
protection againgtiotic (Vaahtera et al., 201@)nd abiotigLe Gall et al., 20153tresss.

With regard to biotic stress, the plant cell wall serves as a passive barrier against
microorganismshat can howeverbypasshe wall to establish a connection with the hast.

this case thdefence barrier cdme a majomactiveplayer in the antimicrobial defence strategies
developed by the plariuring infection and followindytic activities oligosaccharide elicitors

may bereleased from the cell wall of the host plant (DamAgsociated Molecular Patterns,
DAMPSs) or from the cell wall of the patgen (Pathogeissociated Molecular Patterns,
PAMPs) (Boller & Felix, 2009) When the plant perceives these elicitors through membrane
receptors, a signalling cascade is triggered by the numerous defence responses called DAMP
or PAMPtriggered immunity(Jones & Dangl, 2006)he plant will then, for example,
strengthen its cell wall to create reaesistance tphysical pressure and enzymatic hydrolysis

caused by pathogens.

The plant cell wall proprieties are also influenced by abiotic stresses. When the plants are under

the influence of environmental modifications, the expression of many genes associated with

1



cell wall metabolism (e.g. cellulose) is modulafed Gall et al., 2015Wang et al., 2016)n
addition, it has recently been shown that the adaptive response of the cell wall also include
osmosensitive induction of phytohormone production through the function of a cell wall
integrity senso(Bacete et al., 2022)

1.1.2.Cell wall organisation

Thecell wall is a dynamic structure that can be modified during the life of thetoeitludes
an assembly of biopolymesuch agolysaccharides (cellulose, hemicelluloses, pectnsl)
phenolic polymerge.g. lignirs), as well as structurgkroteinsand enzyms(Jamet & Dunand,
2020)

These molecules present in various proportions form the different layers of thieatafppear
over time(example inFigure 1) Each layer has a unique structure and chemical composition
that varies according to the plant spectessue,and developmental stage of the plarte
middle lamella is first synthesized between two daugte#is during cell division at the end

of the telophasdt is mainly composed of pecspwhich playa major rolein the mechanical
propertieof plant tissueasit formsalink between the different cells. It catsobe notedhat

the preferential attack of this layer bgmefung reduces mechanical resistance.

Then the primangcell wall is depositechgainstthe middlelamella. It appears as a very thin
structureand is characteristic of young growing or dividing plant cells. It matolgtains
polysaccharides (cellulose, hemicelluloses and pectind)proteins. It canalso become
lignified at the end of developmeintcells with secondary wallét provides sufficient rigidity

and mechanical support to withstand osmotic pressure, while being sufficiently elastic to allow

cell growth and division.

And finally, only in certain cell types, a secondary cell wall candbpositedagainstthe
previous one, thus reducing the internal volume of thelt&®kmsin cells that have completed
their elongation and are in the process of differentiation. By its structure and volpiagsit
a major rolein the mechanicalpropertiesof the cell. Itcontainscellulose, hemicelluloses,
ligninsand glycoproteins, but their relative proportions vary according to the plant spedies
tissues) The lignified seconday c e | impermeabilltyfadlitated the transport of water

and nutrients and allowed plants to grow vertically. The secoragdiryall consists o2 or 3

2



distinct layers which aneamedfrom the outside to the inside, the layers S1, S2 and sometimes
S3. These layers differ in the orientation of the cellulose microfibrils that make them up. In the
tension wood fibres of some hardwoods, a gelatinous ([&Hayer) is added to or replaces

the S3 layer and partially or totally replaces the S2 layer.

Secondary Cell Wall
—S3 layer G layer — =
——  S2 layer -
——  S1 layer —
<— Primary Cell Wall —
Middle lamella —
Straight wood fiber G-fiber in tension wood

Figurel : Schematic representation of the different cell wall layers in tracheid cells (left) and gelatinous fibers
from tension wood (right). The lines within the different layers represent the orientation of cellulose microfibrils.
Adapted from(Jourez, 1997)

1.1.3.Cell wall composition

1.1.3.1. Cellulose

Cellulose Figure2) is quantitatively the most abundant component of plant biomass (40 to
45% of the dry massellulose is an unbranched biopolymer efjdcose residues linked by
b-(1-4) glycosidic bonds. Cellulose molecules are synthetized bylals#xl plasma membrane
spanning cellulose synthesis complex (CSC) roséhs$-arlane & Persson, 2014) was
admitted for a long time that there are Btlecules ofcellulose synthases (CESA
(Sommerville, 2006) includedn the CSC but recent studies suggested that they may only be
18 (Nixon et al., 2016) The CESA enzymes are glycosyltransferases made up of eight
3



transmembrane domains and &d Gterminal domaingacing the cytoplasmrhe CSC is

linked to underlying
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'
'

Cellobiose

Figure?2 : Cellulose structure fronfBaghaei & Skrifvars, 2020Biopolymer of Dglucose residues linked Iy
(1-4) glycosidic bonds that form cellulose. Introlecular hydrogen bonds are representedethand inter

molecular hydrogen bonds iMue Two D-glucose residues form cellobiose

microtubules that serve as guiding tracks to determine the direction of cellulose microfibril
alignment (Farquharson, 2009)The movement is propelled forward through the force
generated by polymerizatiaaf monomersAfter their synthesis, the cellulose molecules are
arranged into microfibrils due to the presence of numerous OH groups that facilitate their
organization in parallel by intraand intermolecular hydrogen bonds. In the microfibrils, the
cellulose chainsare boundtogether in an orderly and periodic manner and then form a
crystalline pattern. The crystalline regions are connected to each other by amorphous zones
consisting of disordered cellulose chains which can form hydrogen bonds withovatéer
moleculeg§Rowland & Howley, 1988)



Cellulose microfibril
(right-handed twist)

CesA rosette

S KK AKX IR KA EKIKLLED ‘; ¢ 35 L .
s e Lo e SR AL R
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88800008 8800000888000088000000080e60s8aes s s 1880000000000 REREERERES '6'8/0'9.0/0/09.68.8 808868 e e's

Plus tip ) Microtubule

Figure3 : Model for cellulosebiosynthesigBuschmann & Borchers, 2020%ellulose (blue fibrils) is produced

by CESA rosettes (light red) that move along microtubules (in red). Linker proteins such as CELLULOSE
SYNTHASE INTERACTING (CSI) (green) and COMPANION OF CELLULOSE SYNTHASE
MICROTUBULE UNCOUPLINGS (CMU) (blue).

1.1.3.2. Hemicelluloses

Hemicellulosesre part of thenon-cellulosic polysaccharidg®dNCPs) present in primary and
secondary cell walls iall terrestrial plantén which theyaccount for 2680% of the dry mass
of the wall Theyinteract with cellulose microfibrils through hydrogen bonds, but also with

lignins through covalent bond@$errett & Dupree, 2019)

Hemicelluloses have a basic structure close to cellulose, but the main chains are shorter
and most often branched by polyo§ebringerova et al., 20057 hese ramifications prevent a
crystalline arrangement as observed for cellulose. The fibrils are flexible and can settle around
the cellulose rods. Their branched structure and quantity vary according to the plant species
and according to the cell typelemicelluloses are synthesized from sugar nucleotides by
glycosyltransferases located at the membranes of the Golgi appdiatysinclude xylans,
xyloglucans, mannans, glucomannaasbinoxylas and mixedinkage glucangScheller &
Ulvskov, 2010)Figure4).

- Xylans are nature's most abundant rzeilulosic parietal polysaccharides, accounting for up

to one third nature, accounting for up to a third of wood cell walls, or even half in the case of

5



annual pl ants. Th e y-14iokeddixydopyranose uaits, ith arkghlarn e o f
branching. Xylans are classified according to their branching: glucuronoxylan (GX) have
glucuronic acid and -O-methylglucuronic acid as their main substituents
glucuronoarabinoxylan (GAX) also have arabinose substituents and arabinogixgian

(AGX) are substituted by -®-methytglucuronic acid residues and to a lesser extent by
arabinosgCurry et al., 2023)

- Mannans are widely distributed and the main hemicellulose in Charophggeheller &
Ulvskov, 2010) Voiniciuc, 2022) Thérback bones may c-0fh ¥-Hnkel ent i r
mannose, as in mannans and galactomannans, omddlitionalglucose in a nonrepeating

pattern as in glucomannans and galactoglucomannans.

- Mixed-linkage glucan are unbranched chains of-| ucoses -(I-4 nk€lkB) bn D
Unlike other hemicelluloses, they are not present in all telabgtantsand are notably absent

from the dicotyledons.

- Xyloglucansarec o mposed of g¢gHHddeghavebaoninfdi ciant ibens of
1,6. Various sugars can then be attached to the xylose such as fucose, galactose etc. It is the
most important hemicellulose in the primary walls of the dicotyled®auly et al., 2013)
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c
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D-Galactose Galp

D-Mannose Manp T
G X

X X F X L G

. A Xyloglucan [B-D-Glcp-(1—4)], backbone substituted with side chains as seen in pea and arabidopsis.
Glucuronic acid GlcAp The arrow indicates the typical B-glucanase cleavage site.

L-Arabinose Araf
D-Xylose Xylp
L-Fucose Fucp

L-Rhamnose Rhap

D-

o1 ] ledesiey Jeu

Mixed linkage B-glucan [B-D-Glcp-(1—4)],-B-D-Glcp-(1—=3)-[3-D-Glcp-(1— 4)],,,, where n and m are 3 or 4;
typical of Poales.

Fer er OMe
Glucuronoarabinoxylan, GAX, typical of commelinid monocots.

COOH
COOH,
COOH,

OMe

Glucuronoxylan, typical dicot structure,

Galactomannan, typical of Fabaceae seeds.

Galactoglucomannan, typical of conifer wood.

Figure4 : Schematic representation of hemicelluloses. Adapted (Bmheller & Ulvskov, 2010)

1.1.3.3. Pectins

Pectins form a group of complex noallulosic polysaccharidegFigure 5). They have
functions in plant growth, morphology, development, and defence. These polymers are
predominant in the middlmamellaand are also found in the primacgll wall of terrestrial

plants. Pectins aresually composedof a ( 1 Y-4bhound DBgalacturonic acid residues
7



backbone interrupt edHinked L-thameosd resisluE@aivkowskaed f (1Y
al., 2018) Otherglycans, mainhL-arabinose, Byalactose, Exylose, L-fucoseare attached in

the side chainsin general, tere are considered to be four domains among pectins:
homogalacturonan (HG), xylogalacturonan (XGA), rhamnogalacturonan | (RGI) and
rhamnogalacturonan Il (RGI{(Mohnen, 2008)

HG is a |linear pol ymer -@#)thgtaan becnethylateaniC& aci d
and acetylateabn O2 or O3. Two homogalacturonan chains can interact vfi radges
forming a boxoabtkdaiegg Kr al un,ThRintdractoh, et
is controlled by the degree of methedterification of the galacturonate, which masks the

carboxyl groups participating in these ionic bonds.

XGA is also a galacturonan, but residues of xylose comméef1-3) to the galacturonic acids.

In RGI, the mainskeleton is composed of alternating galacturonic acid andaimnose
residuesl i n k e-(-2)j tem whidh are grafted many side chains. Some galacturonic acid
residues are also acetylateHinally, the RGII motif consists of approximately nine
galacturonan residues to which four complex carbohydrate side chains of 12 different sugars
are linked. These side chains contain particular monosacebasdch as fapiose (Api), L=

acerate (AceA), © methyl, L-fucose, 20 methyl D-xylose, L-galactose, Xeto-3-deoxy-D-
lyxo-2-heptulosaric acid (Dha), andk2to-3-deoxy-D-manno octulosonate (KdloThe name

RGIl may be misleading as it suggests that this polysaccharide contains a rhamnose (Rha)
backbone, which is not the case. In RGII, Rha is scarce and forms part of the side chains
(Mohnen, 2008 Harholt et al., 2010 Barcelé & Pomar, 2001)



Rhamnogalacturonan Il Homogalacturonan Xylogalacturonan Rhamnogalacturonan |

O =D-Galacturonicacid ©@ ® =D-Apiose é = O-Acetyl
O =L-Rhamnose © o 9

@ -D-Glucuronic acid @ =L-Acericacid @ =D-Xylose = Borate
® =Kdo @® -p-Dha o

Figure5 : Schematic representation of gt (Harholt et al., 2010)

1.1.3.4. Proteins

The proteins present in the plant wall are important components. They are involved in
numerous physiological processes such as polysaccharide organization and intercellular
communicatior{Albenne et al., 2013j is always rather difficult to clearly identify the proteins
involved in the structure or function of the walls as they can be extremely numerous if we
consider in particular the enzymes that participate in the synthesis of polymers during the
vesicularsecretion proceqCassab, 1998)n general, the proteins located within the cell wall
(CWPrs) are first synthesized withbona fideN-terminal signal peptide as predicted by several
bioinformatics programalthough the existence of CWacking this extension is still a matter

of debatgAlbenne et al., 2013)n total, these proteins represénb 10%of the dry massf

the plant cell wall and are listed in several online databases such as WallP3atbBlemente

& Jamet, 2015) They are classified as structural proteins or enzymes but some still have
unknown functions and others, such as exparswe a specific loosening action within the

cell wall. With the exception of glycirech proteins(GRPSs) all the structural proteins are
glycosylated Cassab, 1998A usual classification in 8ifferentgroups is generally accepted,

based omioinformatics predictions of their functional doma(damet et al., 2008)

Proteins acting on polysaccharidesare grouped inthe mostabundant class since they

represent about 25% of ti@VPrs. They include different enzymes belonging to the CAZy

9



classificatiomnamelyglycosidehydrolases (GB) (Minic & Jouanin, 20063uch axyloglucan
endotransglucosylasehydrolase (XTHs) (EkI6f & Brumer, 2010) carbohydrate esterases
(CEs) such as pectin methylestesa$8MES) (Giovane et al., 2004r polysaccharide lyases
(PLs) such as pectate lyag@&ai et al., 2017)The high abundancef these proteins is not
surprising since polysaccharides constitute the most important fraction of cell walls and are
constantly being remodelled during plant development or in response to environmental

constraints.

Proteasesinclude Aspproteases, Cyproteases, Seroteases and Searboxypeptidases
(about 12% othe CWRs). These proteins could be involved in the maturationetif wall

proteins, their degradation or the releassighallingpeptide(van der Hoorn, 2008)

Other smaller protein families are also present among ther€3\€h asnteraction domains
including lectinsthat interact with sugars, proteitfsat interact with other proteins through

LRR (leucinerich repeat) domains, and enzyme inhibitors.

Signalling proteins mainly include arabinogalactan protei(&GPs), fasciclinlike AGPs
(FLAS) (Seifert & Roberts, 2004nd lectin receptor kinases or LRR receptor kinases identified
through their extracellular domain.

Lipid metabolism-related proteins include proteins homologous to GD$ype
lipases/acylhydrolasd€hepyshko et al., 20)2nd lipid transfer proteins (LTP4)TPs may

play a role in transporting lipids through hydrophilic walls, while lipases/acylhydrolases may
be involved in the formation of lipid bonds in the cutigfeats & Rose, 2013).TPs may also

be involved in cell wall extension by interacting with the cellulose/xyloglucan network
(Nieuwland et al., 2005)

Structural proteins include mainly hydroxyproline rich glycoproteins (HRGP They can
themselves belassified into three categories according to tReglycosylation: moderately
glycosylatedextensiis (EXTs), highly glycosylated (AGPs) and leglycosylated PrdRich
Proteins (PRPs)Showalter et al., 2010)They arebelieved to beinvolved in many
physiological and developmental processes in plg@asinon et al., 2008)n plant defence
(protection against pathogenic attacksmechanical injuriesjDeepak et al., 201@nd also
participate ircell wallrigidity (D. Xie et al., 2011)AGPs are secreted in large quantities during

thewoundng processo form a gel that acts as a physical barrier against pathogenic invasions.
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However, they have other functions that have not been fully elucidatesly are believed to
be involved in the plant's development process and during silgsie Rich ProteinGlGRP3
containup to 70% glycine. They participate in the development of vastiskre and are

involved in stress responses (healing, cold resistance).

Proteins of various familiesinclude all proteins that are not numerous enough to form a
functional classndproteins of unknown function correspond to proteingithout a predicted

functional domain or with a preded domain of unknown functio®{UF).

Finally, oxido-reductasesnclude peroxidases, multicopper oxidases, berbdmitge oxide
reductases and blue copper binding proteins (between 15 and 28&pafietal proteome).

Peroxidases and laccases are described in dethaé followingchapteraboutlignins.

1.1.3.5. Lignis

1.1.3.5.1. Generality

Ligninsarean essential componeoitthe cell wall in certain tissues (xylem, sclerenchyma) in
highervascular plarg (Vanholme et al., 2019} ignification is a process that beginsthe
middle lamella as the secondary wall thickens and then gradually extends to the prathary
andaftemwardsto thesecondary wallLignins content changes according to the wall sublayer.
The cell cornerg¢CCs)are the most lignified parts, followed by the compound middle lamellae
(CMLs) and then the secondary walilson & Hatfield, 1997)In Caragana Korshinskijifor
example, the ratio dfgnins concentration in the CML, ML anskecondary cell walE2 layer

is 1.5:1.2:1(Xu et al., 2006) As the secondary wall is very thick and constitutes the bulk of
the biomasslignins is extracted mainly from the secondary wal.present, 35 monomers
have been identified ifignins, of which thethreemain ones are derived froprcoumaryl
alcohol, coniferyl alcohol and sinapyl alcoh@Ince incorporated into th&nins, they give
respectivelyhydroxyphenyl (H),guaiacyl (G), and syringyl (S) monomeric unf{Egure 6).
Given the aromatic nature of the monomers, ligrireconsidered an aromatic biopolymer.
They are amorphous polymers, i.e. they do not take on any particular shape but fill the free
spaces between the other constituents of the wall.
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Figure 6 : Schematic representation of poplignins polymer predicted by NMRNuclear magnetic
resonanceanalysigVanholme et al, 2010)

1.1.3.5.2. Economic interest

As we have seen, thadant wall is composed of multiple polymers, each with a potential
economic intereqfFigure?7) (Anwar et al., 2014)For examplefibers containing cellulose can
be extracted to produgeperpulp. Cellulose is a compound with various interests. It is the

compound that will be degraded bgrbivores during digestioror used to produchkiofuels.
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Figure7 : Various transformation processes of lignocellulosic bionaasgped from (Anwar et al.,
2014)

Lignins is an abundant aromatic resourBeit for some of the industries using biomass, it's
consideredhsa nuisance. For the paper industry, it's a waste, and for the cellulose extraction
industry,its presence decreases the degradability of the biofass, it is certain that nature
generates macromolecules very rich in chemically cleavable ether bonds (which allows high
recovery rates of molecules of interest), on the other hand, dlgnigs-cellulose (or
hemicellulose) separations, the treatmerhagatesC-C bonds (sometimes very stable,
interatomic) that are not easily cleavable (which reduces the recovery of these molecules of
interest). This is the case of residual lignins from the paper industry for which the recovery rate
of recoverable products isvig which explains why the residues &gned to generate heat
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These last years, with the problem of the future shortage of fuel, alternatives have been sought.
One of them is to use plants to make biofuel. Biofuel can be produced in different ways, from
sugars of plants rich in polysacchasdsugarcane, beet ...), oils (rapeseed ...), but also from
agricultural waste or fast growing tre€&aini et al., 201% Pang, 2019)The production of
biofuel, like the production of paper pulp, requires prior treatment, whether by chemical,
thermal or enzymatic process, to be able to extract efficiently the molecules of itteti@st.

case, thdignins arean obstacleto the valorization becausedttraps the polysaccharides. To
increase the yield, Bgnin-alteration step is necessgigumar & Sharma, 2017)Research,
through lignins engineering, tries to decrease the recalcitrance to extraction by producing

transgenic plants with lesignins or lignins with anmodified structure(lUmezawa, 2018)

However,lignins hasothereconomic advantageso te lignins can be either an asset or an
obstacle to the industrial procesk.is able to conduct electric current. It could also replace
certain materials in batterié3ung et al., 2022)r even be used as a reinforcing agent in the
automotive or aeronautical indust(yasile & Baican, 2023)Lignins are important in
construction wood becaudbey are responsible for thmechanical performancef this
material The phenolic property dfjninsalso makes it interesting for the synthesis of phenolic
derivatives, even if for the moment, the exploitation of this property remaiited due to the

cost of the different processes to be uddeénger et al., 2020)igninsis characterized by a
variety of distinct and chemically different binding units, each requiring different cleavage
conditions when selective depolymerization is targeted. Although structurally more complex,
the higher carbon content and oxygen conterigoins, make it an attractive feedstock for

biofuel and chemical productigRinaldi et al., 2016)

The main problem here is that eachlod cell wall polymersinteract withthe others, so it is
important to understand how each influences the others to be able to access more easily, or

even improve théargetedcompound.
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1.1.3.5.3. Functiom

Lignins contribute to the rigidity of cell walls, the upright growth habit of terrestoalering

plants, water transport and defence against pathogémey. are foundn vessels, rays, and

fibers, as well ag axial parenchyma angiosperm, and tracheids and raysgymnosperms

The vessels ensure the conduction of the sap; the rays control the lateral transport of nutrients
between cells; the tracheid fibres provide both the conduction of the sap and mechanical
support. Their hydrophobicity also contributes to better conduofisap from the roots to the
leaves.Lignins are also found, outside the vascular system, in the sclerenchyma tissue
(involved in mechanical support), he Casparian strip (structucé the root endoderis) and

in some seed coats to protect the embryo (Barros et al., 2015).

Ligninsare extremely resistant to degradation. By forming bonds with both cellulose (hydrogen
bonding) and hemicelluloses (direct or indirect bonds via the ferulic esters of hemicelluloses),
they create a hydrophobic barrier to all solutions or enzymes, thiisidjrthe penetration of

lignocellulosic enzymes into theell wall structure.

1.1.3.6. Monolignols

1.1.3.6.1. Biosynthesis

As indicated above, there attereemain monomeric units constitutignins, H, G and S
Other units can however be incorporated iigoins such as 5HG @hydroxyguaiacyl) or the

catechylunit (C) derived fromcaffeyl alcoholDixon & Barros, 2019)

Monolignols are synthesised from phenylalanine and/or tyrosine (grasses). These amino acids
are produced in the chloroplasts via the shikimate pathway. Fra@aimeno acids, various
specific lignification sepstake place in the cytosol of the cells undergoing lignification to

produce the various monoligno(¥anholme et al., 2010y. Wang et al., 2013)

After the synthesis of phenylalanine, the first step in the synthesis of monolignols is described
in Figure 8.1t begins with the deamination of the phenylalanine side chain, or tyrosine for
grasses, catalysed by the enzymes Phenylalanine/Tyrosine Ammonia Lyase (PADRAL)
aromatic ring is then hydroxylated by Cinnamateydroxylase (C4H), which is a cytochrome
P450 monooxygenase. This is followed by Coenzyme Adhterification of the carboxyl
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group, catalysedy 4-coumarateCoA ligase (4CL)and leading to the formation qf-

coumaroyiCoA.
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Figure 8 : biosynthesis pathway of monoligndi®m Dixon & Barros, 2019 Schematic representation of the

different enzymatic reactions involved in the biosynthesis of monolignol frphehylalanine. Deamination is

represented in blue, hydroxylation in greenm®thylation in purple, CoA activation in brown and reduction in

grey. The enzymes are; phenylalanine ammonia lyagAL); 2, cinnamic acid <hydroxylase (C4H); 3a,
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methyltransferase (COMT); 57Hydroxycinnamate CoA ligase (4CL); 6, caffeoyl CoAO3methyltransferase
(CCoAOMT); 7, cinnamoyl CoA reductase (CCR); 8, cinnamyl alcohol dehydrogenase (CAD); 9, ferulic

acidconiferaldehyde Hydroxylase (F5H).
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1.1.3.6.2. Biosynthesis Regulation

The biogenesisof the cell wall requires precise coordination of the genes involved in its
biosynthesis, transport and assemiyits constituentsSeveraltranscriptionfactors of the
NAC family (for NO APICAL MERISTEM, ARABIDOPSIS THALIANAACTIVATING
FACTORL1/2andCUP-SHAPED COTYLEDON are involved in the regulation of secondary
wall biosynthesis gendSulis & Wang, 202Q)and in particular NST(NAC Secondary wall
Thickening promoting factond VND1 and VND7 (Vasculaelated Nae€Domain protein)

in the vessels, occurs upstream of other transcription factor cag¥adesguchi et al., 2010)

The latter factors include members of the L{MN11, ISL-1 and MEG3) and MYB (MY
eloBlastosig families, in particular MYB58, MYB63 and MYB&Zhong & Ye, 2009)which
areexpressed in the xylem where they bind to the AC sequences of the promoters of mbnolign
biosynthesis genemnd regulate their expression. Anabidopsis the factorZmMYB31 and
ZmMYB42 have direct effects on the expressiolCdH, 4CL, CCOAOMT, COMandCAD
(Fornalé et al., 2006)Someother transcription factors can interact with factors known to
regulate monolignol synthesis. This is the case, for example, of the KNOTTED
ARABIDOPSIS THALIANA 3 (KNOT3) factor in Arabidpss which interacts with NST1/2,

the KNAT3-NST1/2 heteromorphism complex appears to reguiate to promote syringyl
lignins synthesigQin et al., 202Q)Another way to regulate monolignol biosynthesis is the
phosphorylation of enzymeldowever, it is difficult to detect this chandae tothe dynamis

of this mechanisirResearchers nevertheless succeedatemtifying two phosphopeptides in
5-hydroxyconiferaldehyde @nethyltransferas@Nang et al., 2015)
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1.1.3.6.3. Mobility

In plants, lignins biosynthesis begins as a branch of the shikimate pathway to create
monolignols and ends with their radical polymerization within the cell wall. The enzymes of
the monolignol pathwagre inthe cytoplasmand endoplasmic reticulumvhile theclass Ili
peroxidases and laccases that form the radicals necesdaggifaapolymerization are located

in the apoplastic space. Thus, monolignols must pass through the cell membrane before being

incorporated into the growinggnins polymer.

There are currentlthreemain hypotheses concerning this crossing. The first is that there are
specific transportersthe second is that the monolignols cross the membrane passively
(Vermaas et al., 201@ndthethird is a Golgimediated transport (not seem probafkaneda

et al., 2008 Miao & Liu, 2010)
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Forthetransporter hypothesis, it seems that monolignol glycosides are good candibestes.
form reducesmonolignol toxigty and reactiity. Moreover, they have been detected in
gymnospermgTerashima et al., 201&nd angosperms(Tsuji et al., 2004)Glycosylation
would be done by a Uridirgi-Phosphate Dependent Glycosyltransferase (UGT) (Lim,
Jackson and Bowles, 200%).plants, UGTs form a multigene family with more than 100 gene
discoveredLe Roy et al., 2016)The monolignol then appears to be released from its sugar
function by cell-wall-located betaglucosidases to allow incorporation intbgnins
(Dharmawardhana et al., 1999} also appears that the AB(ATP-Binding Cassette)
transportes canplay a role in transport in Arabidopsis. AtABCG29 is a transporter that is
thought to act as prcoumaryl alcohol transporter at the plasma memb¢Ategandro et al.,
2012) It seems that secondary active transporters such as (Wk§or Facilitator
Superfamily)and MATE (Multidrug And Toxic Compound Extrusigprare also involved in

membrane transpofVaisanen et al., 2020)

For the passive permeation mechanism, it appears to be accessible to monolignols. The
permeability of the membrane to monolignols was show(Bloyja & Johansson, 200&nd
(Vermaas et al., 2019)Only glycosylation or carboxylation of thégnins monomer
significantly reduces permeabilitfTsuyama et al., 2013klowing passive diffusion and

promoting transport and thus regulation by transporters.

For Golgi-mediated transporgarly studies were mainly done by autoradiograpRgsults
suggestd thatlignins precursors could be transported via ard@&plamic Reticulum (ER) to

Golgi pathway as for the secretion of polysaccharides to the wall. Vesicular trafficking between
the cytosol and the plasmalemma could be observed in autoradiographic and ultrastructural
studiesin wheat (PickettHeaps, 1968)The developing xylem was labelled with labelled
phenylalanine. The radiolabelling was then associated with the rough endoplasmic reticulum,
the Golgi apparatus, and some vesicles fused with the plasma membrane or aggregated in the
cytoplasm near the midwbule bands of the wall(PickettHeaps, 1968 Fujita & Harada,

1979) The ERGolgi apparatusiouldthus appear to be involved in the synthesis and transport

of monolignols to the cell wall. However, thedioactiveprecursors could be incorporated into
bothligninsandproteirs therebynterfeling with the interpretation of the autoradiograghiu

et al., 2011)
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1.1.3.7. Ligningolymerisation

Theligninspolymer is formed by the oxidative polymerisation of monolignbhe three major
forms arep-coumaryl alcohol3-(4-hydroxyphenyh2-propenl-ol), coniferyl alcohol (3-
methoxy4-hydroxyphenyl2-propenl-ol) and sinapyl alcohol ¢83,5dimethoxy4-
hydroxyphenyh2-propenl-ol) that, once incorporated into the polymer are designated as H,
G and S units, respeedly. These monolignols differ from each other by the presence of
methoxy groups in ortho and para to the phenol group.

The oxidative copolymerization of monolignols is carried out by enzymatic oxidation of the
monolignols followed by radical coupf (Vanholmeet al., 2010). In a first step, the
monolignol is oxidized to form the radical monome€tass Il geroxidases and/or laccases
could carry out this oxidation (Onnerud et al., 200Ryure 10). The electron of the formed

radical is delocalized in the conjugated

OH OH OH
7 Class Il # 7
Hy Hy Hy
° H o
H20 B H20
H.0:—=— 02— 02

SOD NADPH
oxydase

Figurel10: Laccaseand peroxidasenediated oxidation of coniferyl alcoh@OD: Superoxide Dismutase.

system between the preferential positions 4, Staridvo radical monomers can then couple
together to form a dehydrodimer. The monomers can be linked by different types of bonds,
carboncarbon bonds ¢ bondsp-1, b-5, b-b), diaryl ether bonds (®-5 bonds), ester bonds
(b-O-4), dibenzodioxocin bonds and spirodienone bdrielgurel1l) (Patil et al., 2016)
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Figurell: Common intetmonomeric linkages ilignins (Patil et al., 2016)Numbers (16) and Greek letters(

b, g) indicate carbon atoms; bold lines represent the monotigraoiolignol bond.

Bond proportions, like those afionolignols, vary by specigsigure12). The most abundant
linkage is theb-O-4 linkage. With regards to the monolignols present, gymnosperm lignins are
composed mainly of G units with small amount$loDicotyledonous angiosperm lignins are
composed of G and S units with small amounts of H uidigon & Barros, 2019) The
proportion of monolignols also depends on the tisswethe stage of development. For
example, the cell walls of vascular bundle cells in monocotyledons contain mostly G units,
whereas interfascicular tissues contain mostly a mixture of G and S. Similarly, younger cells

are less lignified than older cells.
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Figure12: Relative percentages of differdignins monomers in stems of different specésording tqDixon
& Barros, 2019)

The laccases (EC 1.10.3.2) are part of the superfamily of multicopper cxidage
laccases contain four copper atoms. The main oxidation site of the substrate is the copper center
T1(Agustin et al., 2021)They are involved in lignification, wound healing and polymerization
of the integumentGavnholt & Larsen, 2002)

Class Il groxidases (EC 1.11.1.7) are enzymes catalyzing the oxidation of several
substrates in the presence of hydrogen peroxid®JH They are involved in several

physiological processes, including growth and resistance to biotic and abiotic constraints.

As said in the previous chapter, it is accepted ligatns polymerization is derived
from the oxidative coupling by peroxidasand laccases of a monolignol on the growing
lignins polymer. It appears that monolignol oxidizing enzymes have an important role in the
spatial patterning of thiégnins deposit. The presence of monolignol oxidizing enzymes in
specific domains may play a role in guiding the spatial distributidigrihs at the tissue and
subcellular levels(Schuetz et al., 2014Yi Chou et al., 2018 Hoffmann et al., 2020)n the
Arabidopsis flower stem, some laccas@d peroxidaseare localized in the apoplast before

lignins deposition(Tobimatsu & Schuetz, 2019)
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At the laccase level, their involvement in the lignification process could be
demonstrated with several mutants. The double mugactse4 (lac4) laccase lfacl?)
shows hypolignified fibers and collapsed xylem vessels in the floral $§Bsrtbet et al., 2011)
When this mutant loses an additional laccase fundtid€l1, the lac4 lacl7 laclltriple
mutant suffers a growth defect and histochemical analysis does notldgtestin the stem
or roots(Q. Zhao et al., 2013)These studies on laccase mutants therefore suggest that the
activity of certain laccasesessential for the lignification process in the xylerAaodbidopsis
Photobleaching analysis (FRAP) on LAC4 showed that LAC4 is very immobile after secretion
into the secondary cell wal(¥,; Chou et al., 2018yuggesting that LAC4 is specifically
secreted and tightly anchored to polysacchatiicte secondary cell wall domairiSchuetz et
al.,, 2014; Yi Chou et al., 2018)n Chamaecyparis obtusavood (Japanese cypress),
LACCASE (CoLacl) and LACCASE3 (CoLac3) are likely to be responsible for the deposition

of H-type and @Gypeligninsin the wallsof compression woodHiraide et al., 2021)

Like laccasesglass lllperoxidases are involved in lignificatiofBarros et al., 2015)
In Arabidopsis, PEROMDASEG64 is involved in lignification in th€aspariarstrip anddown:
regulationof ATPRX64by microRNAS leads to a loss of function of thasparian banflee
et al., 2013)Knockout mutations of several peroxidase genes show a minor redudigpmria
content and/or alteration d§ninsin inflorescence stems éfrabidopsis The PEROXIDASE
17 knockout shows a decrease in the amountigoins (Cosio et al., 2017)Knockout of
ATPRX52esults in a reduction of syringyl units mainly in the interfascicular fibers of the stem
and a decrease in the amounligiiins (Fernande®érez et al., 20154 theatprx72 mutant,

there is also a slight decrease in the amouhgoins (Fernande®érez et al., 2015b)

1.1.3.8. Polysaccharide digphinsnteractions

The ultrastructure of the cell wall is compl&he primary cell wall is strong to resist
tensile forces resulting from the pressure of extensible to allow relaxation of wall stresses that
motivate cellular water uptake and physical enlargement of théHzethant & Traas, 2010)

The secondary walhas compressive and tensile strengbiyt is not extensibleLignin-
carbohydrate bonds hold the different wall polymers together and contribute to the properties

of the wall In 1866, the hypothesis of existence of links betwepgnns and carbohydrates
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was put forward to explain the inability to separig@ins from carbohydrate¢Erdmann,

1866) Among these links, there are different notable links between polymers.

- Celluloséhemicellulossinteractiors: in primary wals, the structure isurrentlydescribed as
consisting ofcellulose microfibrils bound to xyloglucangth pectin filling spaces between
microfibrils. Xyloglucan kemicelluloss generally hae a mainglucan chairsimilar to thatof
cellulose. This structure may alldwdrogenbondmediatedvinding to cellulosehainsin the

same way as in cellulose microfibrii&rantham et al., 2017 hese results were obtained
either by microscopy or by chemical or enzymatic digestion, which limits the understanding of
nortcovalent binding. However, there are still doubts about this model because the binding
between cellulose and xyloglueais not dynamic. Moreover, the analysistioé cell wall by
multidimensional NMR and characterization of mutants pravided new insights into cell

wall structure. When observing xyloglucdeficient mutants
(xylosyltransferasel/xylosyltransferase2 [xxt1l/xxt2igyshow a development close to that of

the wild type(Park & Cosgrove, 20128xcept for a reduced siZEhis result calls into question

the role of xyloglucan.

- Celluloselignins interaction: bioinformaticsmodeling on lignins-cellulose interactions
suggests thaignins binds preferentially to hydrophobic cellulose surfafi@adner et al.,
2013)

- Hemicellulosedignins interaction:either by binding to the ferulate substituents of xylan
although this binding is poorly represented in dicots (Terrett & Dupree, 2019), or by methide
re-aromatization of quinone (produced upon coupling of monolignols via fkearbon) by
nucleophilic addition at the-position of nucleophilic groups of xylan and mannan (Mottiar et
al., 2016)(Figurel?3).
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Despite the progress on the understanding of the wall structure atiesstdl manyelemens
to be discovered tiully describethe relationshifpetweerthe molecular structure and physical

properties of the wall.

(@) (b)

Current Opinion in Biotechnology

Figure13: hemicelluloselignins crosslinking. (a) Radical coupling of a monolignol to ferulatedan.
The backbone xylosyl residue (graeg)substituted by-Bnked arabinosyl residue (pink), which is modified by a
ferulate (brown). A-O-4 linkage between the ferulate and a monoligashown, but other linkages can occur.
(b) Rearomatisation of the quinone methide intermediate by hemicellulose nucleophiles. The quétbide
intermediate of two monolignols formingklaO-4 linkage is shown. The intermediate isar@matised by the
carbon 6 hydroxyl of anannosyl residue of galactoglucomannan. A mannosyl residue (blue)iekieel to a
dilignol is shown, but other glycosyl residues could formbbied. Curly arrows show the movement of electrons.

Furtherlignins polymerisation can occur at carbons marked by orange dotted line§Tfeoratt & Dupree, 2019)

1.2.  Ligningnalysis

A good understanding @inins metabolism necessarily requires the use of techniques for their
determination. Inmany articles, two approachesf "wet chemistry" have beepreferred
according to the plarspeciesand the tissues containingpreor lessamountf lignins. These
techniquesrequire apreliminary step of chemicaldegradation The plant material is first
ground andlignins extracted with solventsThe degradation can be done by hydrolysis,
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solvolysis, oxidative degradation or reductive cleavage and allows to isol&ggmthgin poly-
or monomeric form to analyse its structurBhe analysis issometimes coupled with

chromatographic methods.

Thus, the method using the solubilisation of lignins by acetyl broifNtterison, 1972g
Morrison, 1972b)is well adapted to herbaceous species, whereas the gravimetric Klason
method(Johnson et al., 19615 more suitable for woody speci&ore recently, a new method,
namedCysteiné Assisted Sulfuric ACIdCASA,) was established for measuring tignins
content of lignocellulosic biomass by UV spectrophotometry, based on the full dissolution of
whole biomass in 72% sulfuric acid (SA) containing cystéineet al., 2021)

There are also different methods for determining the H, G and S subunit composition
S/G ratioand more generalllignins structure Historically, thioacidolysis (Lapierre et al.,
1986) and nitrobenzene oxidation (Monties, 1989) methods were used, which are gradually
being replaced by pyrolysis coupled with GC/MS (Wagner et al., 20MR (Mansfield et

al., 2012)andvibrational spectroscopy

1.2.1.Quantificationlmnins

Acetyl bromide, thioglycolic acid and Klason are the ncashmonlyused methods to quantify
lignins. The first two methods are based on the solubilizatidigmins and the determination

of absorbance values at 280 nm.

Acetyl bromideis used tosolubilize lignins under acidic conditions (acetic acid). The free

hydroxyl groups will be acetylated and the OH group ofl#fearbon will be replaced by a
bromide which allows a complete solubilization of tigmins in acidic conditions. Since this

is not a direct method, an overestimation oflitpeins content may occur due to the oxidative
degradation of structural polysaccharides (e.g. xylans) during the incubation of the cell wall
with the acid solutiofMorrison, 1972a

The thioglycolate methodtigninsin the presence of thioglycolic acid forms benzyl alcohol

groups. Under alkaline conditions, the polymer Wwélsolubilized. Thelignins content can be
underestimated due to the specificity of the reaction with ether bohgieids types

(Brinkmann et al., 2002)
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The Kason methods a gravimetric test used for the direct quantificatiomigsfins. In this

method, an insolublignins fraction is extracted from plant tissues after digestion with 72%
sulfuric acid. Thecell wall polysaccharides are then partially solubilized. During the
experiment other norextracted compounds can be measured, such as proteins and
polysaccharides, which leatb an overestimation of tHegnins content. On the other hand, a
significant fraction of the solubldignins cannot be meased, leading this timeto an

underestimation of thiggnins content

The CASA methdBiomass is dissolved in 72% sulfuric acid containing 0.1 g/mktcgttein.

The absorbance of the solution is measured at 283 aret al., 2021)

1.2.2.Composition and structural characterization

Structural analysis by mass spectrometyhen lignins are pyrolyzedyeforeinjection into

the apparatus, the different bonds uniting the pohareaieavel, releasing different fragments
characteristic of the thramain phenylpropanol units. The analysis of the fragments resulting
from this pyrolysis by GEMS thus makes it possible to trace the monolignol composition. This
analysis technique has been widely described in the literature, proving itstifeleRio et

al., 2012, Bule et al., 2013)The mass specrobtained allow the identification of the
derivatives of H, G and S units while the integration of the chromatogram peaks gives their
relative proportions within the polymerhis technique is a good alternative to the older
methods of chemical determination of lign{hsipoi et al., 2015)Somelignins contaminants

can also be detected during this analysis. This is for example the case of residual sugars. Indeed,
during the pyrolysis, these last ones will be converted into furfural which will be detected in
GC-MS. The presence of residual fatty acids @so be detectedConstant et al., 2016
observed thsetype of compounds in both soda and organosolv lignins, which proves that these
molecules, naturally present in the plant, are resistant to the different methods of extraction of
lignins(Constant et al., 2016)

Structural analysis by NMRNuclear magnetic resonanceNMR is probably the analytical

technique that has provided the most information on the structures of lighiesables
identification ofthe different bonds between the monomansl ofthe different chemical

functions that the polymer carries. This last information is essential when a functionalization
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of the polymer is envisaged in the context of its subsequent valorizatior2-diheensioml
Heteronuclear Single Quantum @oénce Nuclear magnetic resonari2D HSQC NMR) ha
provided many details on the different types of bondslithkathe aromatic units. A library of
motifs present iigninsis now availdle (Lahive et al., 2020)This technology has proven to

be particularly efficient to identify the different aromatic units composing the pol{Dedr

Rio et al., 2012 Heikkinen et al., 2014 But it is technically limitedor the quantiication of

these different unit®2roton NMR is also used alone for the analysis of lignins and can allow
the quantification of the amount of methoxy groups present in the polyheru & Freire,
1995) However, this method requires the prior acetylation of the material. Phosphorus NMR
is a method of choice for determining the amount of alcohol, phenol and carboxylic acid
functions present in lignins. This type of assay requires the prior functionalizdtlgnins

with a reagent bearing a phosphorus atom, most oftemo2o-4,4',5,5tetramethyl1,3,2
dioxaphospholane (TMDP), and the introduction of an internal standard into the medium to
guantify the different functions. This standard has a freedxytl group that will also react

with TMDP. Cyclohexanol and cholesterol have been widely used for this pyfpestini &
Argyropoulos, 1997 Argyropoulos, 1994)However, it has recently been shown that the latter
can lead to an underestimation of tgantity of functions actually presenthe use of N
hydroxy-5-norbornene2,3-dicarboximide is therefore recommend&alakshin & Capanema,
2015) In general, this method, although particulasBnsitive remains to be optimized and
standardizedSantos et al., 20L,2Bouxin et al., 2015)

Structural analysis by vibrational spectroscopyhe spectroscopic methods are simple to set

up and easily applicable t@gnins. The vibrational spectroscopy methods are based on the
interaction between electromagnetic waves and the vibration mode of molecular chemical
bonds.The spectra obtained show peaks specific to chemical bonds. This part will be detailed
in part0 Spectroscopymaging techology.
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1.2.3.Ligninsmaging

The analysis digninsdoes not only involve its quantitative characterization, but also its spatial
characterizationwith the methods described above, there is a loss of spatial information due
to a destruction of the sample. Even if some spatial information can be preserved by micro
dissection for example, they are not precise enough to study lignification at the cellalar |

Different techniques to access the spatial informatidigoins will be describedelow.

Histochemistry

Histochemical staining techniques have been used for decades to vidigglime The

evolution of these techniques has allowed a bptegisionin the localization ofignins.

The two most known stains are the Weisner reaction (phoroglucingl (@Cfford, 1974)
(Figurel4 A) andtheMadulereaction(Meshitsuka & Nakano, 1979rigure14B). The Weiser
reaction is the reaction between phloroglucinol and cinnamaldehyde grdigesrsfgiving a

red coloration visible in transmitted light in the presence of negative ions. This reaction is
however not specific tbgnins because it can also react with other phenolic compounds such
as cimamyl alcohol. The reaction occurs with the three monomeltgrohs and the
composition oflignins does not influence this coloring. The Maiikaction is specific to
monomers derived from sinapyl alcohol and generateetBoxyO-quinone structures and
gives a redviolet coloration in transmittedght. The Malle staining can be improved by
replacing the ammonia buffer with T+#4Cl. This improvement allows to distinguish the S and

G units in fluorescence microscopy under blue l{gtamashita et al., 2016)

Other histochemical stains can be used to visultinns. Basic fushin forms a fluorophore
with the lignins polymer making it detectable by fluoroscofly. Dharmawardhana et al.,
1992) Subsequently, it was shown that the amouhigafnsinfluenced the signal, but that the
composition did not (Kapp et al., 2015). Safranin can also be used tdigtans (Figure 14

Q). 't -forimgdgefacti omalecules antis na speaifia tolignins. It is
therefore often used with Astra blue, cellulosic walls will appear blue and lidjmads red

by transmission microscogyolivia & Tolivia, 1987) Safranin can also be used alone, but in

this caseit should be observed with a fluorescence microscopdighi@s-rich tissues will
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see their emissivity spectra fade after 568 nm compared to a spéatum lignins when
excited at 488 nm (Baldac€iresp et al., 2020).

100 e

Figure 14 Different colorations with bright field observation émabidopsis thalinaA) Phloroglucinol( Qin et
al., 2020) B) Maitile(Ho-Yue-Kuang et al., 2016)C) Safranin and fast gre€hi et al., 2019)

Immunolocalization

Anti-lignins antibodies were firsbbtainedfrom synthetic H, G and mixed-6 lignins with

pr edo mi-©-4 laisdn yFrebdenberg, 1956). These antibodies were used on fixed corn
sections and labeled with secondary antibodies bound to gold particles for observation by
transmission electron microscopy. Subsequentiiippi@opolymer antibodies webtained

(Josel eau et al ., 2004) . SiNmiabnadl I1bp k agaes i b DY
al., 2015) were used on cypress wood. The problems w&mtethod are that it requires time
consuming sample preparation @ahdtcommercial antibode d o n dwhichexplaisstthe

limited development of this strategy despite its high resolution.

Autofluorescence

Lignins are naturally autofluorescenf’he emission range dignins is wide because it has
different types of fluorophores. It can k&citedby UV and visible wavelengths. Physical
factors such as pH can influence the autofluorescdiaeautofluorescence bfjnins can be
obtained by egitation between 240 nm and 320 nm to obtain a maximum emission at 360 nm
(Albinsson et al., 19999nd used in spectroscaphhis fluorescence comes from the benzene
ring of thelignins monomers and more particularly from the phenylcoumarans resulting from
the bond between the monolignols. Depending on the substitution present on the ring, the
emission of fluorescence willvatyDj i k an o v i [ltiseherefad possibleXdidemtily
different types of lignins from the shades observed. As far as imaging is contigmadcan

be excited at 355 nm (UV), 488 nm (blue ligfidonaldson, 2013)The UV emission is due to
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the phenolic molecules of thignins, so it is possible to detect other phenolic compounds along
with thelignins. However, this method has little contrast between highly lignified and poorly
lignified walls, suggesting that the amountighinshas a limited influence on the fluorescence
intensity. On the other hand, autofluorescence produced by excitation at 488 nm shows a strong
contrast between highly and low lignified aréB®naldson, 2020)Several serajuantitative
methods can be used for the observatiodigifins. total internal reflection fluorescence
(TIRF), fluorescence lifetime imaging microscopy (FLIM), fluorescence recovery after
photobleaching (FRAP), twphoton microscopy (TPM), Foérster resonance energy transfer
(FRET) and stimulated emission depletion (STED)
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Bioorthogonal chemistry: biomolecule tagging with click chemistry

Histoy

Biomolecules have roles and functions in an organism within a specific environment. It is
therefore important to visualize these entities in the complexity of their environmesrguce

that their functions are not impair€tio enable this visualization, different methods have been
developed to graft labels onto the targeted biomolecules in ordestitoyuishthem and study

their behavior.

The efforts developed to this end have led to major scientific discoveries such as the green
fluorescent protein (GFP) and its different variafitsien, 1998, Zhang et al., 2002)The
considerable impact of this discovery allowed Shimomura, Chalfie and Tsien to obtain the
Nobel Prize inchemistry in 2008. This protein and its derivatives are still widely used today,
notably by genetically engineering them into proteins of inteféstsynthesized GFproteins

are thus easily detectable by fluorescence microsdogspiteits efficiency for the study of
proteins, this technology also has several drawbacks. It is not compatible with the monitoring
of other biomolecules such as nucleacids, lipids, glycans as well as many proteins
undergoing crucial pogtanslational modifications. Another limitation of GFP is its relatively
large size (27 kB) which can lead to structural changes and alter the localization and function

of the protein on which it has been grafted.

More recently, Bw reactions have been developsthgbio-orthogonal chemistry. They were
initiated by the team of Pr. CarolyrBertozzi (Hang et al., 2003and are based on the
optimization of some prexisting highly specific reactions. These reactions have allowed to
study the functions and localization of biomolecules, within various living systems. Such
chemical reactions differ from classical "click" ciansand requirghat a number of different

conditions(below) are met in order to be applieda biological context:

- Biocompatibility: defines a reaction that can be carried out under physiological conditions
(room temperature, atmospheric pressure, pH, agueous medium and presence of oxygen) and

compatible with a living system (ndnxic and not disrupting its metabsin);
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- Selectivity: reaction in which the reagents react specifically with each other and irreversibly,
without interacting with the functions of the biomolecules present in the medium (biological

nucleophiles such as thiols and amines, enzymes...);

- Kinetics: the speed of such reactions must be fast in order to offer an efficient tool and

minimize the possible disturbances or toxicity in the biological environment;

- Stability in aqueous medium: the reagents involved must be stable in biological medium
(facing hydrolysis and oxidation), as well as the products resulting from their reaction (the
bond formed must be covalent and stable)

To graft a labebnto a biomolecule of interest via a bioorthogonal reaction, one finsitst
incorporate a bioorthogonal reactive function. The probe can be added in a second step to label
the biomoleculéFigure15). Several methods have been developed to address the problem of
incorporating the binding function. This integration can be doneabgirect chemical
modification, by incorporation of elementary building blocksgs amino acids, etc.) not

naturally occurringor by enzymatic modificatian

Step 1 Step 2 Step 3

€ 5@ @

Figure15: Labelling of a biomolecule by bioorthogonal chemistry. Steptliedirst stegn which thechemical
reporter (yellow oval)s added to thesample containing the targbiopolymer (blue circle)as well asother
molecules that not affected by the reactigreen rectangle and orange stdi)e reporter is the bioorthogonal
compound with the reactive function to be incorporaftelp 2 is the addition of thgrobe(red triangle) Step 3

is the specific (bioorthogonalgactionof the probewith the chemical reporteahat leads to the specific labelling
of the target biopolymer
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Principal bioorthogonal reactions

Staudingeeaction

Staudinger ligation involves completely artificial reaction partners, a phosphine and an azide
(H. Staudinger & Meyer, 1919)it is the first bioorthogonal reaction with this attribute

described in the literature. The azide used in this reaction is one of the most suitable functional
groups for bioorthogonal chemistry. It is very stable under physiological conditions and does

not react with chemical functions present in biomolecules.

It was in 2000 that Bertozzi's group discovered the usefulness of the azide function in
bioorthogonal chemistry by developing the Staudinger ligdBa@xon & Bertozzi, 2000Y his
reaction is a variant of the reduction of azides to primary amines by triphenylphosphine
described in 1919 by Staudinger and Megwn H. Staudinger & Meyer)in 1919, the
classical reduction reaction, the addition of phosphine to the azide leads to-@ideza
intermediate that is then hydrolyzed in aqueous media, giving the phosphine oxide and a
primary amine. By installing an ester group in ortho of the phosphorasenf the aromatic

rings of the phosphine, it is possible to trap thedizie intermediate leading to the formation

of a very stable amide boriEigurel16).

Subsequently, the ligation was adapted by reacting the azide with a thioester carried by the
phosphineThe oxide of the phahine will be removed to form a peptide bond, this reaction

has been called "traceless Staudinger ligaiiNiisson et al., 2000)

0 0
OMe N3 OMe MeOH- N/
Ph '
e N - pr N — - P*4Ph
“Ph Ph Ph

Figure16: Mechanisms of StaudingeBertozzi Ligation(Saxon et al., 2002 he first step is the attachment of

the azidecontaining moleculéorange rectangldp the triphenylphosphineontaining moleculéblue triangle)
An iminophosphorane intermediate is formed and reacts with the phosphine. The phosphorus of the phenyl traps

the iminophosphorane and forms the amide bond
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CuAAC reaction

Among the bioorthogonal click chemistry reactions, there is the Cop@atdlyzed Alkyne

Azide Cycloaddition (CUAAC). This is a 1,3 dipolar cycloaddition between an alkyne and an
azide to form a 1,2;81azole by means of copper(l) cataly§isgure17) thatcan be carried

out at room temperature and presg®estovtsev et al., 2002 his reaction is an improvement

of the Huisgen reactiofHuisgen et al., 1964yhich takes place at high temperature and
pressure, conditions incompatible with living systeisreover, the CUAAC reaction has
higher kinetics. However, one problem with CuAAC is the toxicity of copper to living
organisms. To overcome this problem, copper sulfate pentahydrate associated with sodium
ascorbate which will reduce the coppersitu is added, thus allowing the use of CUAAC

Vivo.

H Cu

+ N
R N

——N=N==N CuAAC v

/

Figure 17: Copper(l}Catalyzed AlkyneAzide Cycloaddition (CUAAC) mechanism. With coppan alkyne
containing moleculéblue triangle) reacts witan azidecontaining molecul¢orangerectangle)Xo form a 1,2,3

triazole.

SPAACreaction

The reaction between phenyl azide and cyclooctyne was described ifVi@6g§ & Krebs,

1961) Cyclooctyne, the smallest stable cyclic alkyne, has angles of only 158° on either side of
the alkyne function which induces an increased intrinsic reactivity allowing cycloaddition with
azides without catalyst and at room temperatiifeere is also the Strain Promoted [3+2]
Alkyne-Azide Cycloaddition (SPAAC) reactigifrigure18). This reaction was born from the
research afheBetozzi's team to overcome the raompatibility of CUAAC with the biological
system(Agard et al., 2004)lit is a cycloaddition that does not use copper but the ring voltage
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to achieve, which allows the reaction to be biocompatible. The terminal alkyne being replaced
by a cyclooctyne, the ring tension will activate the carbaron triple bond and allow the

cycloaddition to take plaggigurel8).

~7 X
\

N—/—N

— =

Figure18: StrainPromoted [3+2] AlkyneAzide Cycloaddition (SPAAC) mechanism. Azide reacts with cyclic
alkyne to form a triazol structure. The orange rectangle represents the rest of azide molecule and blue triangle the
rest of cyclic alkyne.

DAInv reaction

The DielsAlder reaction is an addition of an alkene or substituted alkyne to a conjugated diene
(Hydrocarbon containing two carbaarbon double bonds) to form a cyclohexene derivative.
This reaction was elucidated in 1928 by O. Diels and K. Aljets & Alder, 1928)who

received the Nobel Prize in Chemistry in 1950 for their work on this reaction.

The inverse electron demand Didlkler (IEDDA) reaction is a reaction that has been
developed recently thanks to the development of new dienophiles and the association with
tetrazine (Figure 19). This reaction has faster kinetics than the two reactions presented

previously. It has an excellent orthogonality and biocompatihility
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Figure 19 : Inverse electron demand Diefdder (IEDDA). Tetrazine reacts with the dienophile to form a
cycloadductThe orange rectangle represents the rest of the tetrazine neadecublue triangle the rest of the

dienophile

Metabolic tagging in plants

Bioorthogonal chemistry is used to study the localization, distribution, trafficking, and activity
of biomolecules. This nemvasive method can be performed at the level of cells, tissues and

organismsA range of different mleculeshave beestudied in plants using this method.

Pectin labelling:

Pectin wasthe firstplant cell wall molecule to be labelléasing click chemistryAnderson's
team used CuAAGn 2012 to visualize the incorporation of a fucose analogue bearing an
alkyne group (FucAlfAnderson et al., 201Z)igure20 A) . This analog is incorporated into
rhamnogalacturonah After fixation of the flurophore by click chemistry, observation by
fluorescence microscopy shows incorporation into the root cell amal plasmolyzed cells
(Figure20B).

A

overlay
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Figure20: A) FucAl molecule. B) localization of FUCAI incorporation in plasmoly2edbidgods thalianacells
after click reaction with the Alexa 48&ide fluorophore. From left to right: bright field image, confocal 488 nm
fluorescence image and superposition of bright field and 488 nm images. Scale bar 10gated Atbm
(Anderson et al., 2012)

The same team used a chemical reporter analogdefo8yd-manneoct2-ulosonic acid
(KDO) with an azide label (RO-N3) (Figure 21 a)to follow the incorporation into
rhamnogalacturonah. Reporter incubation on Arabigds seedlings followed by fluorophore
coupling by CuAAC click chemistry shows RGII ldlieg (Figure21b). Labdling of RGI and
RGII via FucAl and KDO-N3z on the same seedling using 2 consecutive CuAEERIre21b)
allowed the first double lableng of plant cell§Dumont et al., 2016)

A488 channel AS594 channel

COOH

P
A488/A594

merged Bright field (A —

Figure21 : a) Kdo-N3 molecué. Localization of the double labimg of pectins by FucAl and BIO-N3 of an
Arabidopsisseedling root revealed by two consecutive CUAAC allowing Alexa Fluor @4i8the (A488) and
Alexa Fluor ®594N 3 binding. (a) KDO-N3 labelling (b) FucAl labdling (c) superposition of 488 nm and 594
nm channels. (d) bright field. Agted from(Dumont et al., 2016)

Other polysaccharid&abelling:

Since these early successes in ptatt wall polymerlabdling, other monosatarides have
been developed to study glycan synthesis. égidbf N-acetylglucosamine, N
acetylgalactosaminé,-fucose and.-arabinofuranose have been successfully integrated into
glycans, but this time the click reaction was a Diider cycloaddition reaction to avoid

copper toxicity(Hoogenboom et al., 2016)
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Phospholipid labelling:

Phospholipids are important molecules of plant memisrahe visualize their dynamics, a
structural analoguéropargylcholinepf choline has been used to label the main membrane
lipids. This molecule has been successfully incorporatéadabidopsis thalianand revealed
through a click reaction allowing to attach a fluorophore to the azide ofrgsdpiaoline in

different cell typesKigure22) (Paper et al., 2018)

a Uptake and ' light | fluorescence |

| | Incorporation 10 um

Propargylcholine

Figure22: Propargylcholindabellingof Arabidopsishalianaguard cekin leaves afteaclick reaction with the
Alexa 594azide fluorophorea) propargylcholine molecal b) brightfield observation ) bpfoparglylcholine

labelling Adapted from(Paper et al., 2018)

Hormone bindinegite localization

Click chemistry can also be used to localize hormone binding sites. This is the case for example

for auxin. This molecule is important for the plgnbwth. Indole 3-propionic acid is an active

structural analogue of auxin withtag( Mr avec, Kr al un, Zernhegeanskay
studiesrevealedauxin binding sites different frotme ABP1 site.

Ligninslabelling:

The newly synthesizelignins can be visualized by metabolic incorporation techniques of
lignins precursor analogs with a label allowing fluorophore binditigorophores are fixed by

a click reaction. The firsstudiesusing bioorthogonal chemistry to follow the lignification
process weré@one withtwo differentconiferyl alcohol(G unit) analogies (Tobimatsu et al.,

2014; Bukowski et al., 2014 For te firstG analoguethe alkynewas attachetb the primary
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alcohol via a peptide bond while the second substituted theoryegroup with a propargyl
group. A third analogue was designed the following year by replacing the methoxy group by

an alkyne group(Pandey et al., 20)5A CuAAC reaction was used to visualize the

incorporation of the different molecul@sigure23).

Figure 23: Images ofdifferent G analoge incorporationprofiles in Arabidopsis stems following CuAAC
bioorthogonateaction.A) (Tobimatsu et al., 2014B) (Bukowski et al., 2014)C) (Pandey et al., 2015)

Thanks to the creation of monolignol analogues, it was possible to follow the fluorescence and
thus the incorporation into the newly synthesiigdins during the development of the stem
(Pandey et al., 2016)his work used the analog of Pandey's 2015 paper llirapef different

growth stages corresponded to the known lignificatiori@bidopsis Upon inhibition of
several lignification factors, the laliely was weaker, indicating that incorporation of the

reporter requires the machinery of lignification.

Subsequently, structural analogues of other monolignols were synthesized. The structural
analogue of coumg alcohol (H unit) was synthesized by adding an azide function to the
primary alcohol via an ethoxyethoxy linker to increase the accessibility of the dzaateet

al., 2017)Because the reporter label was different from that proposed fortimi @nalogie,

it was possible to incorporate both analagthe same time and subsequently perform the two
click reactions sequentially, the SPAAC reaction (for the azide) first and the CUAAC reaction
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second (for the alkyne). The use of the two analogues esleepblarization irthelignification

dynamic for two monolignol analages at the cellular level.

To complete the study of the dynamics of lignificatithe teans of Biot and Hawkins
synthesized the structural analogue of timagyl alcohol (S unit)Simon et al., 2018)thus
providing click chemistry analagesfor the three main units dignins. The S analogue was
synthesized by substituting the primary alcohol with a methylcyafmre group. The addition
of the fluorophore by click chemistry is done through a DAINVinv reaction. The reaction being
different from the reaction used for the labelling of the G and H analogues, it is possible to
incorporate the three reporters the same samplégSimon et al., 2018)With this triple
bioorthogmd |l abel l ing, 1itoés psangnsorpbratienactomingstetiee s o me
cell wall layer(Figure 24) Ha is preferentially incorporated in the middle lamellax @ the
primary and secondaigell wall and S in the secondary wall. There is also an orientation of
incorporation. For @, there is a stronger incorporation in the cells closer to the vascular

cambium.

autofluorescence H,,/ SPAAC G,/ CuAAC

Figure24 : Triple monolignol labelling of developing xylem in the stem of flax. Blu@isins autofluorescence,
green is H analogue incorporation (SPAAC/ DBE8G4Rhodamine Green), red is G analogue incorporation
(CuAAC/ Azidefluor 545), magenta is S analogue incorporation (magenta, DARinv/ tet@ygbB)eScale bar =

5 um. Adapted from(Simon et al., 2018)
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Spectroscopynaging teaology

Spectroscopy methods use the vibration of chemical bonds produced when an incident
radiation brings an energy close to that of the vibration of a bond. There are different modes of
vibration of molecules. A molecule is composed of atoms linked togethsorus that can be
covalent, ionic or Van der Waals type. The molecule, in its fundamental state, has a maximum
stability and its atoms are practically frozen in their equilibrium position. If an external factor,

a photon, comes to disturb the molecule #rlere is absorption, the atoms which constitute

it have the possibility of vibrating around their position of balance. It is also possible to observe
rotational movements of the atoms around the center of mass of the molecule. Molecular
vibrations depeth on the geometry of the molecule, the atoms that compose it and the nature
of the bonds between the atoms. The study of vibrations allows us to extract information about
the structure of the moleculé.molecular vibration occurs when the atoms of a mdéare

in periodic motion while the molecule as a whole undergoes translational and rotattinal

The simple and most frequently encountered vibrations can be classified into two main groups:
elongation vibrations and deformation vibrations, which can be classified according to their

symmetry

Stretching vibrations, also called valence vibration or "stretching" involve a symmetry
variation (Figure 25 A) or asymmetric(Figure 25 B) of the interatomic distance without
modification of the angles formed by these borAdwe deformation vibrations can be in the
plane(Figure25 C-D) or out of the plaea (Figure25 E-F) of the molecule and causes changes
in the angles formed by the bonds while maintaining the interatomic distance
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B) Asymmetrical D) Scissoring F) Wagging

Figure25: Possible vibrational modes of molecules of GHretching elongation Agymmetrical and
B) asymmetrical, In plane bending C) Rocking and D) Scissoring, Out of plane bending E) Twisting
and F) Wagging. The arrows indicate the respective movements of the atoms

In each normal mode, each atom vibrates in phase with the same frequency but with its own
amplitude. However, the frequency of vibration depends strongly on the forces acting on the
individual atoms, taking into account the influence of the environmetit {ai example non
covalent bonds). This makes it possible to obtain a characteristic signature for each molecule
and thus to obtain information on the molecular composition, the structure and/or the

interactions within a sample.
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Raman Imaging

Introduction

Oneobjective of our workvasto maplignins together with all the othgrolysaccharides. For

this, Raman microspectroscopyaschosen, ashis technique is nedestructiveand delivers
information on the molecules present in different parts of the vigall.Raman microscopy
molecular vibrations are probed basedlmenergy change in inelastically scattered light due
to interaction of monochromatic light with the sample (Stokes,-8tdkes, Figure26).
Inelastic scattering of light is very weak in intensitydtherefore made a big step forward in

its development as a microspectroscopic technique with the invention of powerful lasers (Zit)

This section biefly presents the principles of Raman spectroscopies and its advantages

To detector

Fluorescence Anti-Stokes

Raman
scattering
Rayleigh
y . scattering 4,
Incident light
: Stokes
Raman
scattering

Sample\\-'

Figure26: The different phenomena that can happen when radiation interact with frattdMosca
et al., 2021)
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Generalgs

Theinelastic scattering excited by thelectromagnetic wavendcorresponds to the creation

of an induced dipole, which radiates. This induced dipole is linked to the polarizability of the
molecule and corresponds to a deformation of its electronic cloud. For Raman scattering to
occur, there must be a variation in the polarizability of the mtde@n a way, that the
electronic cloud of the molecular structure is deformed) during the vibration. In Raman, the
excitation is monochromatic, and thus has a fixed energy, higher in order of madinénde
that of the molecular vibrations. During the interaction, the molecule is carried in a high energy
state with a short lifetime: it is called "virtual sta{&igure25 : Possible vibrational modes of
molecules of Chl Stretching elongation Aymmetrical and B) asymmetrical, In plane bending C)
Rocking and D) Scissoring, Out of plane bending E) Twisting and F) Wagging. The arrows indicate the
respective movements of the atorBauring the deexcitation of the molecule, three cases can be
consideredFelidj, 2016):

- The deexcitation occurs at the same frequency as the excitation: this is the elastic Rayleigh
scattering.

- Thede-excitation is done at a lower frequency than the excitation: this is the inelastic Stokes

Raman scattering.

- The deexcitation is done at a frequency higher than the excitation frequency: it is the anti
Stokes inelastic Raman scattering.

For the last two cases, the energy difference corresponds to a difference in vibrational energy.

On a Raman spectrurthe Rayleigh bands at the same frequency (energy) as the incident
radiation, the Stokes bandse at lower frequency, and the atiokes bandst higher
frequency. The intensity of a Raman scattering line is proportional to the intensity of the
exciting radiation, to the inverse of the fourth power of its excitation waveleng#),(&hd to

the square of the change in polarizability during vibration. Thus, it depends on the number of
molecules present in the initial state. As shanrigure 27, the excitation in the case of anti
Stokes scattering occurs from a higher energy level than in Stokes scattering. Given the
Boltzmann distribution of molecules, the probability of having molecules in an excited
vibrational state is lower than that of Iray them in agroundstateand therefor&tokes bands

are more intense than ai@iokes, and preferentially recordg@ang, 1977) In the context of
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the analysis obiological materials(e.g.plant9, fluorescencean arise and masks the Raman
signal This is the caseyhen moleculs(e.g. phenolic component®ach an excited electronic
level, followed by fluorescence emissidifrigure 27 : Different energy transitions that can
occur during a Raman analyssf corresponds to the excitation frequency of the |asdo,
corresponds to the vibration frequency of the analyzed moletiugepossible to get rid of this
phenomenon by using excitation wavelengths less energetic in the near jrsuateds 1064
nm.Compared to wavelength the visible or UV rangeghe Raman signal will be less intense
compensated by a higher laser excitation pdBarbillat et al., 1999)

Raman spectroscopy can be considered completelgdestnuctive because it does not require

any sampling, and even no contact with the sample. Howeveexmegimentakriterion is
essential: the power of the laser. Indeed, a too high power could heat and degrade the sample.
This degradation is not always visible and may correspond to structural modifications of the
material: the resulting spectrum may then be thathefttansformed products. Particular
attention is therefore systematically paid to thecsfa obtained in relation to the laser power
used. The analysis requires to focus the laser beam with lenses or concave mirrors. The Raman
spectrometer can be coupled with an optical microscope for the analysis eEamuptes, like

the plant microsectionsised for this thesis. These focusing systems allow remote analysis,
without contact with the sample or object. It is possible to analyse all types of materials,
powders, liquids, gases by focusing the radiation through tubes containing the analygdls, as

as complex heterogeneous samples thanks to the microscope, like biological sample
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Figure27: Different energy transitions that can occur during a Raman ana@sisrresponds to the excitation

frequency of the lasesyib corresponds to the vibration frequency of the analyzed molecule.

Ramanspectroscopy can be applied to biological samples and thus to plant s@vigitas et

al., 2020) The first Raman application on plants was the study of cell(iwdey & Atalla,

1987) Subsequently, different types of plant cellulosic fibers have been characterized in a
general way, such as fl§dimmelsbach et al., 1999y cotton(Edwards et al., 199@nd the
distribution of the main components in different tissues (epidermis, liber fiber) has been
demonstrate@Himmelsbach et al., 1999Raman imaginggenerating chemical images based

on the spectra, wdsst used on wood cell wall@garwal, 2006 Gierlinger & Schwanninger,
2006) As woockncell walls are more complex, it is necessary to consider the contribution of
each element and assign bands to specific groupings allowing the identification of the
components. A Raman image can be calculated by integrating a band of interest. This allows
to visualize the spatial distribution of the compound under study. For example, integrating the
band between 1545 and 1698 tmllows to visualize a region rich ilignins. Inorganic
substances can also be detected, liteium oxalat¢Macnish et al., 2003)or silica (Dietrich

et al., 2002)

Infrard spectroscopy

Like Raman spectroscopy, Fourier Transform InfraRed spectroscopy (FTIR) uses the vibration
mode of molecular chemical bonds. Infrared spectroscopy (IR) is an analytical method based
on the interaction of an electromagnetic wave with matter. As with alitrggeopic
techniques, it can be used to identify compounds or to determine the composition of a sample.
Infrared spectroscopy is a class of spectroscopy that deals with the infrared region of the
electromagnetic spectrum. It covers a wide range of teghsjgthe most common being
absorption spectroscopy. Infrared spectroscopy is based on the absorption of infrared radiation
by the sample being analyzed. Infrared radiation, whose range extends from 1400016m

cm?, is located between the visible region and the radio waves of the electromagnetic spectrum.
This IR domain is divided into three regions: the A&rthe middlelR and the faiR. The
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nearlR, which is more energetic, is approximately between 14@0® cm' and allows the
study of harmonic vibrations. The miR between 400@00 cm' has an energy that coincides
with the energy of the internal motions of molecules. It is used to study fundamental and
characteristic vibrations and the associated vibrational structure of chemical bonds-IRhe far
approximately from 400 crhto 10 cmt, is less energetic and is used to study rotational

spectroscopy

FTIR is widely used in the analysis of plant wél®kken et al., 2007)t allows the detection

of different types of linkage allowing the identification of polys@ndtheir functional group.

In 1998, Boeriu et al were able toeusear infrared spectroscogoeriu et al., 1998jrom

green beans extracharacterize the degree of esterification of cell wall peddid-IR
spectroscopy can be used without extraction or solubilization to obtain information on parietal
polysaccharidegAlonso-Simon et al., 2011 Different peaks can be related to the polymers.
For lignins, the characteristic peaks are 1510, %380 and 159 cnt! (Smith-Moritz et al.,

2011) This technique can be combined with optical microsd&agrlinger et al., 2008)
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Objectives

The overall aim of this thesis is to increase our understandiignofs formation in the
plant cell wall. Lignins is a major cell wall polymer in vascular plants and a better
understanding of its formation has both a scientific and an economic interest.

Lignins is a polyphenolic polymer insoluble in water that constitutes a hydrophobic
matrix. It is polymerized in a radical way fraimreemain monomeric unit@monolignols) p-
coumaryl alcohol, coumaryl alcohol and sinapyl alcdhat give rise to the lignin H, G and S
units, respectively. Lignins show great structural diversity due to thedative amount of
different H, G and S units, as well as the existence of differentnmy@omeric bonds
Lignification can be regulated at 3 difént step: during monomer biosynthesis, during
monomer transpodcross the membramaad during monomer oxidatiomhis last step occurs
within a complex matrix composed of polysaccharides such as cellulose, hemicelluloses and
pectins, as well as cell wall proteins. In such a context, it is possible that the composition of

the cell wall matrixnightalso affect the lignification process.

The objective of this PhD thesis was to test this hypothesis. For this puiposes
decided to use a combination of different imaging techniques to invediigalignification
process in different cell wall mutants Afabidopsis thaliana

Three imaging approaches were chosen to analyze the walls: a technique for visualizing
monolignol incorporation using a bioorthogonal approach, a technique for quantifying lignins
using Safranin staining, and an analysis of wall Raman spectra. All thesegiees had
already been developed when my thesis began, but the analysis of the results had to be adapted

to extract the maximum amount of information.

The Plant Cell Wall Dynamics team (UMR CNRS 8576 UGSF), in collaboration with
the Chemical Glycobiology team (UMR CNRS 8576 UGSF) recently developedavebin
situimaging methods for investigating lignification in plants. The first method is based upon
the incorporation of monol i gnol echheemmi csa lr yo e
approach (Simon et al., 2018). The second method is acggemtitative rabmetric technique
based upon the fluorescence of safrabistained sections (BaldaeCiresp et al., 2020).
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Examination of images acquired using the first method clearly showed that different reporters
were incorporated into different cell wall layers (e.g., primary wall vs secondarys\agll

corner) depending updhecell type and/othedevelopmental stage analysed. However, at the
start of this PhD there was no analytical pipeline in place for analysing such differences.

A first stepwas therefore to develop a suitable analytical technique for evaluating monolignol
reporter incorporation into different cell wall layers. The development of this approach is

described in the paper (Morel et al., 2022) presented in the cBagdtdhis thesis.

The algorithm developed for the analysis of chemical reporter incorporation into the
different plant cell walllayers was then adapted to Safra@irstaining This work(Morel et
al., 2023)is described in the chapt@of this thesis.

Both the chemical reporter strategy and the safr@method provide detailed spatial
information about lignification. Since the overall aim of this thesis was to explore the potential
link between cell wall polysaccharides and lignification, it was resgggo implement another
powerful imaging technique for characterizing these polymers. TdidaBli team (BOKU
University of Natural Resources and Life Sciences, Vienna) has considerable expertise in the
use of Raman vibrational spectroscopy for charemtey the cell wall Still with a view to
extracting maximum data, Raman spectra analysis has been optimized for the walls studied.

This advanced techniq®orel & Gierlinger, 2023)s described in the chapt@of this thesis.

Once the three analysis methods had been adjusted to the needs of this thesis, they were applied
to characterize cell wall structure in the Arabidopgst® mutants. A publication project
describingthese results is presented in the chapterthis thesisTheirx9-2 (irregular xylem

9) mutation affects a gerencoding a f1,4-xylosyltransferase involved in the elongation of

the xylan chain of glucuronoxylarend is characterized by modifications to the cell wall
hemicellulosesThestudyof lignification in this mutant compared to WT plants should allow

us to see whether modificationsdell wall polysaccharide matrirpact lignification.
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Results and discussion

Paper IDevelopment of a novel analytical technique to quantify monolignol
reporter incorporationtimeocell wall

The tripleligninslabellingtechnique allows us to obtain high quality images but the differences
identified are subjective because each eye has its own vision of the colors. By the classical
labelling technique, we can identify differences monolignols incorporation. We have
therefore developed a method to overcome the subjective vision through a measurement of
fluorescence intensity. To allow us to obtain more information on the location of different
reporterso incorpor at i orotpdifferentiadecseverdl sulpagetsob n i
the cell wall. The segmented parts are: the cell corner, (fB€ compound middle lamella

(CML = middle lamella and primary cell wall) and the secondary cell wall (SCW). These three
sublayers were chosen becausis iknown that theilignins and polysaccharide compositions
change during delopment. We have developed the segmentation method by parametric
segmentation and artificial intelligence. The possibility to use both methods is an advantage
for users. They an use the second method if one of the two methods has difficulties to
recognize the structures. To allow a better identification of the changes in the incorporation,
two types of intensity ratio methods (RMs) were developed. The first ratio (RM1) refsresen
the relative distribution of the total signal of a single reporter betweehréesublayers. The
second ratio (RM2) represents the relative signal proportion of each reporter within a given

cell wall sublayer.

To show how this approach could be used to provide useful biological information, we used an
Arabidopsisthaliana class Il peroxidase mutanPopulus tremula x Populus alb&jnium
usitatissimunandZea maysTheprx64 mutant is known to be involved in lignification.

This work has allowed us to obtain morgormation on the capacity of monolignols
incorporation. It has allowed us to extract more precise information on the spatial distribution
of incorporation as well as to compute more efficiently the incorporation differences through

theratiometric methosl.
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Personal contribution For this article | realized thexperimentscreated the plugq with the

help of Dr. Corentin SPRIET and participated in the writing of the article with all the co
authors.
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Abstract

This article describes a methodology for detailed mapping of the lignification capacity of plant cell walls that we have
called “REPRISAL” for REPorter Ratiometrics Integrating Segmentation for Analyzing Lignification. REPRISAL consists of the
combination of three separate approaches. In the first approach, H*, G* and $* monolignol chemical reporters, correspond-
ing to p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, are used to label the growing lignin polymer in a fluores-
cent triple labeling strategy based on the sequential use of three main bioorthogonal chemical reactions. In the second
step, an automatic parametric and/or artificial intelligence segmentation algorithm is developed that assigns fluorescent
image pixels to three distinct cell wall zones corresponding to cell corners, compound middle lamella and secondary cell
walls. The last step corresponds to the exploitation of a ratiometric approach enabling statistical analyses of differences in
monolignol reporter distribution (ratiometric method [RM] 1) and proportions (RM 2) within the different cell wall zones.
We first describe the use of this methodology to map developmentally related changes in the lignification capacity of wild-
type Arabidopsis (Arabidopsis thaliana) interfascicular fiber cells. We then apply REPRISAL to analyze the Arabidopsis per-
oxidase (PRX) mutant prx64 and provide further evidence for the implication of the AtPRX64 protein in floral stem lignifi-
cation. In addition, we also demonstrate the general applicability of REPRISAL by using it to map lignification capacity in
poplar (Populus tremula x Populus alba), flax (Linum usitatissimum), and maize (Zea mays). Finally, we show that the
methodology can be used to map the incorporation of a fucose reporter into noncellulosic cell wall polymers.
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Introduction

Lignin is a phenolic polymer found in the walls of certain
plant cells where it makes up ~ 25%-30% of the dry weight.
Together with cellulose and xylan, it is one of the major
constituents of wood and is the second most abundant
plant polymer after cellulose on Earth. Both the quantity
and the structure of lignin present in plant cell walls have a
major effect on the mechanical and chemical properties of
numerous plant-derived resources/products including wood,
paper, and textiles (Huis et al, 2012). Lignin is also a major
factor responsible for the recalcitrance of ligno-cellulose bio-
mass in the industrial production of bio-ethanol for energy.
For plants themselves, the presence of lignin in the cell wall
contributes positively to mechanical support, facilitates wa-
ter transport in xylem via its hydrophobicity, and helps to
protect them against pathogens and physical injury (Boerjan
et al, 2003). The appearance of lignin during evolution has
played a major role in ensuring the survival of plants on dry
land. The lignin polymer is also an important carbon sink
and the formation of this polymer in the wood cells of long-
lived tree species, therefore, contributes positively to the
struggle against climate change.

Chemically, lignin is formed by the nonenzymatic poly-
merization of phenoxy radicals mainly derived from three
main monomers: p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol that are collectively referred to as
“monolignols” (Ralph et al, 2004). Once incorporated into
the polymer, these molecules form the hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) monomeric units. Lignin can
also contain catechyl (C) units derived from caffeyl alcohol
in orchids and the cactaceae families (Chen et al, 2012) as
well as tricin flavonoids and ferulates in grasses (Grabber
et al, 2000; del Rio et al, 2012) or hydroxystilbenes in palm
fruit (del Rio et al,, 2017). The amount of lignin and the rela-
tive proportion of the different monomers in the cell wall
varies according to the botanical group (e.g. gymnosperm
lignin contains no/very few S units compared to angiosperm
lignin which contains far higher quantities of S units); the
organ (leaves are far less lignified than stems/roots), the tis-
sue/cell type—in Arabidopsis (Arabidopsis thaliana), xylem
vessels have a lower S/G ratio than fibers, and the cell wall
layer (cells with only primary cell walls are generally non-
lignified whereas cells with secondary cell walls [SCWs] be-
come lignified) (Campbell and Sederoff, 1996). Monolignols
are enzymatically synthesized via the phenylpropanoid path-
way and are then exported into the developing cell wall
across the plasma membrane. Several hypotheses including
the involvement of monolignol-specific transporters, vesicle-
related transport, and passive diffusion have all been ad-
vanced to explain monolignol transport, but the actual
mechanism(s) involved have not as yet been categorically
determined and further research is necessary on this point
(Perkins et al, 2019). Once in the cell wall compartment,
monolignols are oxidized by cell wall-located laccases and/or
peroxidases (PRXs) before undergoing polymerization into
the growing lignin polymer (Wang et al,, 2013).

Morel et al.

In order to understand the dynamics of lignification at the
plant or organ scale, different analytical techniques have
been developed over the last decades (Lupoi et al, 2015).
They are generally adapted to the species studied (woody or
not) and to the quantities of lignins present in their tissues.
For example, the method using acetyl bromide solubilization
of lignins (Johnson et al, 1961) is well suited for herbaceous
species while the gravimetric Klason method (Effland, 1977)
is more suited for woody species. There are also different
methods for determining the H, G, and S subunit composi-
tion and the S/G ratio of lignins. Historically, thioacidolysis
(Lapierre et al, 1986) and nitrobenzene oxidation (Billa and
Monties, 1995) methods were used, and are now gradually
replaced by pyrolysis coupled with GC/MS (Wagner et al,
2007) or NMR (Mansfield et al.,, 2012).

All these approaches provide relevant information on the
different tissues/organs studied but involve cell homogeniza-
tion, meaning that it is not possible to get information re-
garding quantities and compositions at the cellular level.
Therefore, histochemical approaches are usually associated
with these global analyses such as phloroglucinol staining
(Wiesner reaction), which specifically reveals the cinnamal-
dehyde functions of S and G unit derivatives by producing a
red chromogen whose intensity depends on the quantities
(Clifford, 1974). The Maiile test uses potassium permanga-
nate and hydrochloric acid to transform G and S residues
into catechols, which are transformed into orange-brown
quinones for G lignins and purple-red quinones for G-S lig-
nins (Day et al, 2005). Other approaches exploit the auto-
fluorescence of lignins (Donaldson, 2001) or the possibility
to visualize them using fluorescent compounds such as aur-
amine (Pesquet et al, 2005) and acriflavine (Donaldson,
2001). All these techniques, therefore, allow the acquisition
of relatively fine spatial information about lignin that is al-
ready present in the cell wall of the sample analyzed. They
do not, however, provide a clear view on the dynamics of
lignification and the capacity of the cell wall machinery to
incorporate monolignols into lignin since visualization of the
active zones of monolignol polymerization in tissues is
lacking.

Recent progress in the field of bioimaging has opened the
door to novel chemical biology applications (Bukowski et al.,
2014; Tobimatsu et al, 2014 Pandey et al, 2015 Simon
et al, 2018). Bioorthogonal labeling strategy has emerged as
a key technology to support the development of these
applications in vitro, ex vivo, and in vivo in plants. Since
2014, several groups have demonstrated the feasibility and
the robustness of the established protocols. In this context,
we reported the design and characterization of a fully inte-
grated pipeline, demonstrating the study of the dynamics of
the plant cell wall formation in four different species:
Arabidopsis (A. thaliana), flax (Linum usitatissimum),
Nicotiana benthamiana, and poplar (Populus tremula x
Populus alba).

The bioorthogonal chemical reporter strategy thus enables
the study of de novo lignin formation in living organisms
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and is complementary to other histochemical/fluorescent
approaches. In this two-step strategy, a synthetic derivative
(the chemical reporter) of a monolignol is first introduced
into the cell wall where it becomes oxidized by cell wall lo-
cated PRXs and/or laccases and incorporated into the grow-
ing lignin polymer. The reporter carries a specific chemical
group that enables subsequent interaction with a corre-
sponding probe via a specific bioorthogonal chemical reac-
tion. To enable integration, the group must be small and
innocuous so as to minimize its impact on the physico-
chemical properties of the reporter and allow its recognition
by the enzymatic machinery (Rigolot et al, 2021). Once
metabolic incorporation has occurred, the reporter group
must then react specifically and efficiently with an exoge-
nous molecular probe (e.g. an adequately functionalized flu-
orophore) while being chemically inert to the surrounding
biological environment. Different bioorthogonal reactions
have been developed over the past 20 years and are mainly
applied to glycan and protein labeling (Wallace and Chin,
2014; Palaniappan and Bertozzi, 2016). In 2014, Ralph and
Zhu's teams simultaneously published the first use of coni-
feryl alcohol analogues as a lignin chemical reporter in a
mono-labeling strategy (Bukowski et al, 2014; Tobimatsu
et al, 2014). More recently our group elaborated a double-
labeling, and then triple-labeling strategy to visualize active
lignification areas in plants. For this, we designed three
chemical reporters (G*, H* and S*) mimicking the three
main monolignols (G, H, and S), tagged with an alkyne
group, an azide function, and a methylcyclopropene moiety,
respectively) and exploited the three main bioorthogonal
reactions, namely the copper-catalyzed alkyne-azide cycload-
dition (CuAAC), the strain-promoted azide-alkyne cycloaddi-
tion (SPAAC) and the inverse electronic demand Diels—
Alder (IEDDA) cycloaddition (Lion et al, 2017; Simon et al.,
2018). The triple labeling strategy was then used to charac-
terize the dynamics of lignification in flax (L. usitatissimum
L) and we also showed that the method could be trans-
posed to other plant species (Arabidopsis, N. benthamiana,
and poplar). This technology provided a powerful approach
to investigate lignification at the cell wall/cell wall layer scale
in different plant species. However, while a simple visual in-
spection of different samples is sufficient to detect
“differences” in monolignol reporter incorporation profiles,
often the sheer complexity of the data obtained makes it
more or less impossible to qualify and/or quantify all but
the most obvious differences (e.g. lignified versus non/poorly
lignified walls) thereby limiting the biological potential of
the chemical reporter approach.

We, therefore, decided to develop a segmentation ap-
proach that when combined with the chemical reporter
strategy can be used for statistical determination of relative
reporter incorporation into different cell wall zones based
upon a ratiometric method (RM). In this paper, we present
this combined methodology that we have called “REPRISAL”
for REPorter Ratiometrics Integrating Segmentation for
Analyzing Lignification. We describe the development of
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REPRISAL and demonstrate how it can be used for detailed
mapping of lignification in wild-type (WT) Arabidopsis, in
the Arabidopsis PRX mutant prx64, as well as in poplar, flax,
and maize.

Results and discussion

REPRISAL consists of three separate approaches: 1) bioor-
thogonal labeling of lignin with the three chemical reporters,
2) parametric or artificial intelligence (Al) segmentation of
labeled cell walls, and 3) ratiometric analysis of fluorescence
signal intensity (Figure 1). Each approach is described in
more detail below.

Bioorthogonal labeling and imaging

Three synthetic monolignol surrogates H*, G* and S* (the
chemical reporters) equipped with click-reactive tags
(Figure 2) were metabolically incorporated into A. thaliana
stem cross-sections ex vivo using our previously reported tri-
ple bioorthogonal labeling methodology (Simon et al,, 2018).
Each incorporated reporter was then specifically linked to a
fluorescent probe via a specific bioorthogonal ligation reac-
tion thereby enabling subsequent fluorescence visualization
and identification of the tagged substrates. H*-units were la-
beled with DBCO-Rhodamine Green (SPAAC bioorthogonal
reaction), G*-units were labeled with Azide Fluor 545
(CuAAC bioorthogonal reaction), and S*-units were labeled
with Tetrazine-Cy5 (IEDDA bioorthogonal reaction). Samples
were then visualized by confocal microscopy to produce a
set of images based on 3-channel detection (green for H*
red for G* and magenta for S$*) (Figure 2).

Parametric and Al-based segmentation

To map the localization of the incorporated monolignol
reporters we decided to segment the cell wall into three
main zones: the cell corner (CC), the compound middle la-
mella (CML) consisting of the middle lamella and the pri-
mary cell wall, and the SCW. Once successfully segmented,
pixels can be assigned to the different cell wall sectors and
the fluorescence intensity corresponding to each incorpo-
rated monolignol reporter determined. Two main strategies
can be proposed for the crucial segmentation. Traditional
parametric methods are mostly based on the intensity and
spatial relationships of pixels, while trainable machine learn-
ing methods require the user to “teach” the software which
pixel is part of what region. Al-based image analysis is highly
complementary to classic parametric segmentation (PS) pro-
cedures and has strongly emerged as a valuable asset in the
microscopy image analysis field over the last few years. For
the REPRISAL methodology, we developed a global algo-
rithm that enables the user to implement both parametric
and Al segmentation (Figure 1).

For PS the initial image was acquired according to Nyquist
sampling criteria and treated according to the algorithm
presented in Figure 3. The transmission image is split into
three fluorescence channels (green, red, and magenta) that
are transformed into three binary masks using the Otsu
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Figure 1 Global procedure workflow. Plant stem transversal cross-sections are incubated with H*, G*, and S* monolignol reporters that become
metabolically incorporated into the growing lignin polymer. Incorporated reporters are identified via a bioorthogonal chemistry strategy specifi-
cally linking each type of reporter to a different fluorescent probe allowing imaging by confocal microscopy (see Figure 2). Following image acqui-
sition, a first representative image of the series is selected and the most suitable segmentation method (parametric or Al) is chosen and applied
automatically to all acquired images. The data are then extracted for three different cell wall zones (CC, CML, or SCW) and relative reporter distri-
bution and proportion determined by RM1 and RM2. Please see text for more details.

threshold method (Otsu, 1979). These masks are then
merged so that all the labeled lignin is taken into account in
the automatic segmentation. A set of transforms are then
applied to this new mask including the Distance map
(Legland et al, 2016), Voronoi (Legland et al, 2016),
Enhance Local Contrast (Pizer et al, 1987), and Find
Maxima transforms (Grishagin, 2015). Binary subtraction
operations then generate 3 masks corresponding to the CC,
the CML, and the SCW.

For Al segmentation and in order to obtain an algorithm
easily adaptable to different types of lignin fluorescence
images, we chose to keep the first steps of binarization and
fusion of binary masks used for PS step before implementing
the Al segmentation. Images once binarized were manually
labeled and then transformed by the Waikato Environment
for Knowledge Analysis (WEKA) algorithm (“Gaussian Blur,”
“Sobel,”  “Hessian,” “Differences of gaussians,” and
“membrane projection” with a membrane patch size of 19
and a maximum sigma of 16). Transformed images were
then used to train our network (200 initial trees and 4 ini-
tialization classes that is, background, CC, CML, and SCW).
Once the training was validated on training images, it was
applied to a new set of validation images. The classifier we

obtained was applied for batch analysis and provides proba-
bility maps of each pixel belonging to each category.
Probability maps were then converted into binary masks us-
ing auto-threshold and despeckle.

To evaluate the efficiency of the developed algorithm, we
applied it to confocal microscopy images of Arabidopsis flo-
ral stem cross-sections in which lignin was labeled by the
bioorthogonal triple marking strategy (Figure 4). Visual in-
spection of the different areas confirms the efficiency of the
segmentation. The form and location of the different objects
obtained correspond to expectations: CCs are triangular in
shape and located at the interstices where three or more
cells are in contact, the CML corresponds to a line formed
at the junction between two cells, and the SCW occupies
the rest of the total cell wall zone. Overall, the parametric
and Al segmentation methods give very similar results al-
though some differences can be detected. The parametric
method appears to be more accurate for fine structures
whereas the Al method recognizes better the CCs and the
middle lamella and follows more closely the curves of the
cells. Nevertheless, the percentage distribution of fluores-
cence intensity values between the three cell wall zones is
similar for both methods showing that they can be used
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Figure 2 Lignin bioorthogonal triple labeling and chemical reporter structure. A, Schematic representation of the lignin bioorthogonal triple label-
ing strategy in plant cell walls. Monolignol chemical reporters H*, G* and S* are oxidized by cell wall located PRXs and/or laccases and become
metabolically incorporated into the growing lignin polymer. Following reporter incorporation, green, red, and magenta fluorescent probes are
added and become specifically linked to H* G¥ and S* reporters, respectively, via three sequential bioorthogonal reactions: IEDDA (S*), SPAAC
(H*), and CuAAC (G*). Spatial localization of fluorophores is analyzed by confocal laser scanning microscopy (CLSM). B, Chemical structures of na-
tive lignin monolignols (left) and corresponding chemical reporters H*, G* and S* (right). Reporter tags involved in the bioorthogonal reaction
with the corresponding fluorophores are shown in color: green—azide group, red—alkyne group, magenta—methyl cyclopropene group. C,

Example of typical lignin oligomer structure.

interchangeably (Table 1). All subsequent results presented
in this paper were obtained using PS.

Ratiometric analysis

During the bioorthogonal reactions, each incorporated
monolignol becomes linked to a different fluorophore. Since
different fluorophores do not give the same response in
terms of the number of photons emitted for the same num-
ber of incorporated reporters it is not possible to directly
compare the amounts of the different reporters incorpo-

To get around this problem and obtain quantitative data
that can be statistically treated to provide information
about differences in reporter incorporation we developed a
ratiometric approach. The rationale for this is based on the
fact that the ratios between the fluorescence signal of the
different reporters do not change for the same biological
sample/condition, thereby allowing the comparison of two
or more cell wall zones. While this approach does not allow
direct comparisons of the absolute quantity of an incorpo-
rated reporter, it does make it possible to determine
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Figure 3 Scheme of the segmentation algorithm. After transforming the images of the individual channels into binary masks and then combining
them, the algorithm allows the user to choose between segmentation based on 1) morphological parameters (blue path) or 2) learning (red path).
Once segmented, a mask is created for the SCW, the CML, and the CC. It is then applied to each fluorescent channel corresponding to the three
monolignol reporters (H*, G*, and S*). For each fluorescence image, nine fluorescence intensity maps are thereby created and analyzed.

monolignols reporters incorporated into the cell wall zones
of different samples.

In the ratiometric approach, relative monolignol reporter
incorporation is calculated by two methods RM1 & RM2
that provide complementary information (Figure 5). RM1
evaluates the relative distribution of a given reporter in the
different segmented cell wall regions (Figure 5, B). Here,
the fluorescence intensity of a given reporter (H*, G* and
$*) in a given cell wall region (CC, CML, or SCW) is divided
by the total fluorescence intensity of that reporter in all
three cell wall zones and expressed as a percentage (e.g.
[H*CCintensity]/[> _H*]). RM2 evaluates the relative pro-
portion of each reporter in a given cell wall zone compared
to the other reporters (Figure 5, C). Here, the fluorescence
intensity of a given reporter (H* G* and S*) in a given cell
wall region (CC, CML, or SCW) is divided by the total fluo-
rescence intensity of all three reporters in this particular

cell wall zone and expressed as a percentage (eg
[H*CCintensity]/[>_CCintensity]). Our results (Figure 5) il-
lustrate the interest of the combined chemical reporter
strategy, segmentation, and ratiometric analysis approach
for mapping developmentally related lignification in plants.
In this experiment, we compared the capacity of different
cell wall regions to incorporate monolignol reporters at dif-
ferent developmental stages by analyzing floral stem cross-
sections sampled at three different heights from 7-week-old
plants. Visual inspection of merged confocal microscopy
images in the three cross-sections (Figure 5, A and
Supplemental Figure S1) reveals that the three reporters
have incorporated into fiber cell walls at all developmental
stages from the “youngest” (23cm) to the “oldest” (1cm).
Overall, the amount of signal increases during development
reflecting reporter incorporation into the SCW. Further in-
terpretation of these images by visual inspection is difficult
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parametric segmentation

Al

Figure 4 Automatic segmentation of different cell wall zones. The three masks (CC, CML, or SCW) are applied to cross-sections of Arabidopsis
stems in which lignin has been labeled by the triple bioorthogonal strategy. Masks are applied to the three fluorescence channels corresponding
to H* G* and S* reporters. Percentage values indicate the relative proportion of total reporter signal intensity determined for each cell wall zone
by PS (H*, G¥ and S*) or Al segmentation where the value for $* is shown for comparison (see Table 1 for corresponding H* and G* values). Scale

bar main image = 50 um, scale bar insert = 5 um.

Table 1 Comparison of fluorescence signal distribution in different
cell wall zones determined by PS and Al segmentation

Reporter CW Intensity Intensity % Intensity % Intensity
region PS? APl PS Al

H* CC 1,807 1,805 38 40
CML 1,767 1,631 37 36
SCW 1,172 1,078 25 24

G* CcC 515 543 35 38
CML 530 503 36 35
SCW 416 399 28 28

S* CC 1,147 1,214 33 35
CML 1,277 1,252 37 36
SCW 1,016 983 30 29

H* G*, and S$* are monolignol reporters.
“Raw fluorescence signal intensity.

due to the huge amount of data that they contain and it
is, therefore, necessary to apply the segmentation
approach.

In young stem sections, the use of RM1 (Figure 5, B) indi-
cated that the relative distribution of the total signal in the
different cell wall zones is very similar for all three reporters
with the majority of signal being incorporated into the CC,
followed by the CML and SCW (CC: 44%-46%; CML: 31%—
34%; SCW: 22%-23%). While this distribution pattern did

not evolve over time for the H* reporter clear changes could
be observed for G* and S* reporters. The relative propor-
tions of total G* and S* signal significantly decreased in the
CC during development accompanied by an increase in the
percentage of total signal observed in the SCW. No changes
were observed in the relative distribution of signal in the
CML. The differences in the relative distribution of the G*
and S* but not H* reporters suggest the existence of devel-
opmentally related changes in the capacity of the different
cell wall zones to incorporate reporters. The increased ca-
pacity of the SCW to incorporate G* and S* but not H*
reporters, could indicate differences in the cell wall machin-
ery that specifically favors the incorporation of these two
reporters compared to H* reporters. If the increased incor-
poration capacity was simply due to the fact that the SCW
zone is bigger in older sections then one would also expect
a similar increase in H* incorporation. The fact that this is
not so argues for the existence of a specific mechanism fa-
voring G* and S* incorporation.

Analysis of the same images using RM2 (Figure 5, C)
shows that the contribution of H* to the total signal in the
CC increases approximately four-fold (28%-79%) in older
stem sections compared to younger stem sections. Since the

sdyy woly papeojumoq

7

220z Aenuepr gz uo 1asn UaIpA JnyNyuapog %aylolqigsiayiisiaaiun Aq z0z6e0v9/06aen/sAudid/cao L 0 L/1op/aoIue-aoueape/sAyd|d/wod dno oiwapesey

11



61







































































































































































































































































































































