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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 biomass, it is also of 

economic interest. Although the biosynthesis of the lignins polymer is relatively well 

understood, we need to know more about how changes (quantity/structure) to other cell wall 

polymers (e.g., cellulose, hemicelluloses, pectins) affect lignins production. To provide more 

information on this question we implemented a two-phase approach 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 parametric/artificial intelligence segmentation 

of confocal microscopy images obtained by lignins chemical reporter bio-orthogonal 

chemistry. This methodology allowed us to precisely map the lignification capacity of different 

cell wall layers (cell corner, compound middle lamella and secondary cell wall) in Arabidopsis 

WT plants and the prx64 mutant. In a second development, we modified the REPRISAL 

segmentation algorithim thereby enabling it to be used to map relative cell wall lignins levels 

determined by the ratiometric safranin-O fluorescence technique. Finally, we used Raman 

imaging to compare the ability of three different multivariate analytical methods (unmixing, 

cluster analysis and orthogonal matching) to provide detailed spatial information 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 Arabidopsis irx9 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 suggested 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 studies of cell wall dynamics. The results obtained on the irx9 

mutant provide a novel insight into the dynamic relationships that exist between different 

polymers of the plant cell wall.  
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Kurzfassung 

Lignins ist ein phenolisches Polymer der Zellwand, das an vielen Aspekten des Wachstums, 

der Entwicklung und der Widerstandsfähigkeit von höheren Pflanzen beteiligt ist. Als 

wesentlicher Bestandteil der pflanzlichen Biomasse ist Lignins auch von wirtschaftlichem 

Interesse. Obwohl die Biosynthese von Lignins relativ gut verstanden ist, wissen wir nicht, wie 

sich Veränderungen (Menge/Struktur) bei anderen Zellwandpolymeren (z. B. Cellulose, 

Hemicellulosen, Pektine) auf die Lignifizierung auswirken. Um diese Frage zu beantworten, 

haben wir mehrere Ansätze basierend auf biologischer Bildgebung verfolgt. In der ersten Phase 

ging es um die Entwicklung/Verbesserung verschiedener hochauflösender komplementärer 

Bildgebungsverfahren. Zunächst entwickelten wir einen neuartigen quantitativen 

ratiometrischen Ansatz (REPRISAL), der auf der parametrischen/künstlichen Intelligenz-

Segmentierung von konfokalen Mikroskopie-Bildern basiert. Diese Bilder wurden mit Hilfe 

der biologisch-orthogonalen Chemie von Lignins-Reportern gewonnen und ermöglichten die 

Lignifizierungskapazität verschiedener Zellwandschichten (Zellecke, zusammengesetzte 

Mittellamelle und sekundäre Zellwand) in Arabidopsis Pflanzen und der prx64-Mutante 

präzise zu kartieren. Dann haben wir den REPRISAL-Segmentierungsalgorithmus so 

modifiziert, dass er zur Kartierung des relativen Zellwandligningehalts basierend auf 

ratiometrischen Safranin-O-Fluoreszenztechnik verwendet werden kann. Zusätzlich haben wir 

die Raman-Mikrospektroskopie eingesetzt und in Kombination mit drei verschiedenen 

multivariaten Analysemethoden (Unmixing, Clusteranalyse und orthogonales Matching) 

detaillierte räumliche Informationen über die Verteilung aller Polymere in Pflanzenzellwänden 

zu bekommen. Damit konnten wir nicht nur die Lignifizierung verfolgen, sondern auch ob 

Cellulose und Hemicellulosen die Lignifizierung in der Arabidopsis irx9-Mutante 

beeinflussen. Unsere Ergebnisse zeigten, dass Veränderungen in der Verteilung der 

Hemicellulosen tatsächlich den Lignifizierungsprozess modifizieren, insbesondere in den 

jüngeren Teilen des Blütenstamms der Pflanze. Die gezielte Transkriptomik ausgewählter 

Zellwandgene legt nahe, dass die beobachteten Veränderungen mit der Induktion einer 

Abwehrreaktion zusammenhängen könnten. Insgesamt werden die im Rahmen dieser Arbeit 

entwickelten Techniken wertvoll für künftige Untersuchungen der Zellwanddynamik sein. Die 

mit der irx9-Mutante erzielten Ergebnisse geben einen neuen Einblick in die dynamischen 

Beziehungen zwischen den verschiedenen Polymeren der Pflanzenzellwand  
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Résumé 

La lignine est un polymère 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 également un intérêt 

économique. Bien que la biosynthèse du polymère de la lignine soit relativement bien 

comprise, nous avons besoin d'en savoir plus sur la façon dont les changements 

(quantité/structure) des autres polymères de la paroi cellulaire (par exemple, la cellulose, les 

hémicelluloses, les pectines) affectent la production de lignine. Afin de fournir plus 

d'informations sur cette question, nous avons mis en œuvre une approche en deux phases basée 

sur l'utilisation de l'imagerie biologique. La première phase a consisté à développer/améliorer 

différentes techniques d'imagerie complémentaires à haute résolution. Nous avons tout d'abord 

développé une nouvelle approche ratiométrique quantitative (REPRISAL) basée sur la 

segmentation paramétrique/intelligence artificielle d'images de microscopie confocale 

obtenues par la chimie bio-orthogonale des rapporteurs chimiques de la lignine (click 

chemistry). Cette méthodologie nous a permis de cartographier précisément la capacité de 

lignification des différentes couches de la paroi cellulaire (coin cellulaire, lamelle moyenne 

composée et paroi cellulaire secondaire) chez les plantes Arabidopsis WT et le mutant prx64. 

Dans un deuxième temps, nous avons modifié l'algorithme de segmentation REPRISAL afin 

de pouvoir l'utiliser pour cartographier les niveaux relatifs de lignine de la paroi cellulaire 

déterminés par la technique de fluorescence ratiométrique de la safranine-O. Enfin, nous avons 

utilisé l'imagerie Raman pour comparer la capacité de trois méthodes analytiques multivariées 

différentes (non-mixage, analyse en grappes et correspondance orthogonale) à fournir des 

informations spatiales détaillées sur la distribution des différents polymères dans les parois 

cellulaires des plantes.  Dans la deuxième phase, nous avons utilisé les techniques d'imagerie 

développées/améliorées pour analyser si les modifications des hémicelluloses de la paroi 

cellulaire affectent la lignification chez le mutant irx9 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 la plante. La transcriptomique ciblée de certains gènes de la paroi 

cellulaire suggère que les changements observés pourraient être liés à l'induction d'une réponse 

de défense. Globalement, les techniques développées dans le cadre de cette thèse devraient 

s'avérer précieuses pour les études futures de la dynamique des parois cellulaires. Les résultats 
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obtenus sur le mutant irx9 donnent un nouvel aperçu des relations dynamiques qui existent 

entre les différents polymères de la paroi cellulaire des plantes 

.
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Introductory overview 

1.1. The Plant Cell Wall 

1.1.1. Background 

In plant cells, unlike animal cells, the plasma membrane is surrounded by a semi-rigid wall 

with a complex structure. This wall, unlike fungi, has no chitin and contains cellulose. It is also 

different from the typical wall of prokaryotes, which is composed of a molecular mesh based 

on peptidoglycans. The wall contributes to the anisotropic growth of plant cells and, 

consequently, to their very high diversity of shapes and sizes. This cell wall plays various 

functions in the plant. It 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 the wall that will prevent the cell from 

bursting. This structure combines both elasticity and plasticity properties allowing cell 

division, irreversible elongation and 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 height. offers 

protection against biotic (Vaahtera et al., 2019) and abiotic (Le Gall et al., 2015) stresses. 

With regard to biotic stress, the plant cell wall serves as a passive barrier against 

microorganisms that can, however, bypass the wall to establish a connection with the host. In 

this case the defence barrier can be a major active player in the anti-microbial defence strategies 

developed by the plant. During infection and following lytic activities, oligosaccharide elicitors 

may be released from the cell wall of the host plant (Damage-Associated Molecular Patterns, 

DAMPs) or from the cell wall of the pathogen (Pathogen-Associated 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 PAMP-triggered immunity (Jones & Dangl, 2006).The plant will then, for example, 

strengthen its cell wall to create more resistance to physical 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 
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cell wall metabolism (e.g. cellulose) is modulated (Le Gall et al., 2015 ; Wang et al., 2016). In 

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 sensor (Bacete et al., 2022)  

1.1.2. Cell wall organisation 

The cell wall is a dynamic structure that can be modified during the life of the cell. It includes 

an assembly of biopolymers such as polysaccharides (cellulose, hemicelluloses, pectins) and 

phenolic polymers (e.g. lignins), as well as structural proteins and enzymes (Jamet & Dunand, 

2020).  

These molecules present in various proportions form the different layers of the wall that appear 

over time (example in Figure 1). Each layer has a unique structure and chemical composition 

that varies according to the plant species, tissue, and developmental stage of the plant. The 

middle lamella is first synthesized between two daughter-cells during cell division at the end 

of the telophase. It is mainly composed of pectins, which play a major role in the mechanical 

properties of plant tissues as it forms a link between the different cells. It can also be noted that 

the preferential attack of this layer by some fungi reduces mechanical resistance.  

Then the primary cell wall is deposited against the middle lamella. It appears as a very thin 

structure and is characteristic of young growing or dividing plant cells. It mainly contains 

polysaccharides (cellulose, hemicelluloses and pectins) and proteins. It can also become 

lignified at the end of development in cells with secondary walls. It 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 can be deposited against the 

previous one, thus reducing the internal volume of the cell. It forms in cells that have completed 

their elongation and are in the process of differentiation. By its structure and volume, it plays 

a major role in the mechanical properties of the cell. It contains cellulose, hemicelluloses, 

lignins and glycoproteins, but their relative proportions vary according to the plant species and 

tissues.) The lignified secondary cell wall’s impermeability facilitated the transport of water 

and nutrients and allowed plants to grow vertically. The secondary cell wall consists of 2 or 3 
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distinct layers which are named, from 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 layer (G-layer) is added to or replaces 

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

 

 

Figure 1 : 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 (Figure 2 ) is quantitatively the most abundant component of plant biomass (40 to 

45% of the dry mass). Cellulose is an unbranched biopolymer of D-glucose residues linked by 

β-(1-4) glycosidic bonds. Cellulose molecules are synthetized by a six-lobed plasma membrane 

spanning cellulose synthesis complex (CSC) rosettes (McFarlane & Persson, 2014) It was 

admitted for a long time that there are 36 molecules of cellulose synthases (CESAs) 

(Sommerville, 2006) included  in 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 
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transmembrane domains and N- and C-terminal domains facing the cytoplasm. The CSC is 

linked to underlying  

 

Figure 2 : Cellulose structure from (Baghaei & Skrifvars, 2020). Biopolymer of D-glucose residues linked by β-

(1-4) glycosidic bonds that form cellulose. Intra-molecular hydrogen bonds are represented in red and inter-

molecular hydrogen bonds in blue. 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 polymerization of monomers. After their synthesis, the cellulose molecules are 

arranged into microfibrils due to the presence of numerous OH groups that facilitate their 

organization in parallel by intra- and intermolecular hydrogen bonds. In the microfibrils, the 

cellulose chains are bound together 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 with water or other 

molecules (Rowland & Howley, 1988).  

Intra-molecular hydrogen bonds 

Inter-molecular 
hydrogen bonds 
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Figure 3 : Model for cellulose biosynthesis (Buschmann & Borchers, 2020). Cellulose (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  

Hemicelluloses are part of the non-cellulosic polysaccharides (NCPs) present in primary and 

secondary cell walls in all terrestrial plants in which they account for 20-30% of the dry mass 

of the wall. They interact with cellulose microfibrils through hydrogen bonds, but also with 

lignins through covalent bonds (Terrett & Dupree, 2019).  

Hemicelluloses have a basic structure close to cellulose, but the main chains are shorter 

and most often branched by polyoses (Ebringerová et al., 2005). These 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 type. Hemicelluloses are synthesized from sugar nucleotides by 

glycosyltransferases located at the membranes of the Golgi apparatus. They include xylans, 

xyloglucans, mannans, glucomannans, arabinoxylans and mixed-linkage glucans (Scheller & 

Ulvskov, 2010) (Figure 4).  

- Xylans are nature's most abundant non-cellulosic 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 
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annual plants. They consist of a backbone of β-1,4-linked D-xylopyranose units, with irregular 

branching. Xylans are classified according to their branching: glucuronoxylan (GX) have 

glucuronic acid and 4-O-methyl-glucuronic acid as their main substituents, 

glucuronoarabinoxylan (GAX) also have arabinose substituents and arabinoglucuronoxylan 

(AGX) are substituted by 4-O-methyl-glucuronic acid residues and to a lesser extent by 

arabinose.(Curry et al., 2023).  

- Mannans are widely distributed and the main hemicellulose in Charophytes (Scheller & 

Ulvskov, 2010); Voiniciuc, 2022). Their backbones may consist entirely of β-(1→4)-linked 

mannose, as in mannans and galactomannans, or with additional glucose in a nonrepeating 

pattern as in glucomannans and galactoglucomannans. 

- Mixed-linkage glucan are unbranched chains of D-glucoses linked in β-(1-4) or β-(1-3) 

Unlike other hemicelluloses, they are not present in all terrestrial plants and are notably absent 

from the dicotyledons. 

- Xyloglucans are composed of glucose bound in β-1,4. They have ramifications of xylose α-

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 dicotyledons. (Pauly et al., 2013) 
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Figure 4 : Schematic representation of hemicelluloses. Adapted from (Scheller & Ulvskov, 2010) 

1.1.3.3.  Pectins  

Pectins form a group of complex non-cellulosic polysaccharides (Figure 5). They have 

functions in plant growth, morphology, development, and defence. These polymers are 

predominant in the middle lamella and are also found in the primary cell wall of terrestrial 

plants. Pectins are usually composed of  (1→4)-α-bound D-galacturonic acid residues 
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backbone interrupted by the insertion of (1→2)-α-linked L-rhamnose residues (Gawkowska et 

al., 2018). Other glycans, mainly L-arabinose, D-galactose, D-xylose, L-fucose are attached in 

the side chains. In general, there are considered to be four domains among pectins: 

homogalacturonan (HG), xylogalacturonan (XGA), rhamnogalacturonan I (RGI) and 

rhamnogalacturonan II (RGII) (Mohnen, 2008). 

HG is a linear polymer of galacturonic acids bound in α-(1-4) that can be methylated on C6 

and acetylated on O2 or O3. Two homogalacturonan chains can interact via Ca2+ bridges 

forming a so called “egg-box” structure (Mravec, Kračun, Rydahl, et al., 2017). This interaction 

is controlled by the degree of methyl-esterification of the galacturonate, which masks the 

carboxyl groups participating in these ionic bonds. 

XGA is also a galacturonan, but residues of xylose connect in β-(1-3) to the galacturonic acids. 

In RGI, the main skeleton is composed of alternating galacturonic acid and L-rhamnose 

residues linked in α-(1-2), to which are grafted many side chains. Some galacturonic acid 

residues are also acetylated. Finally, 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 monosaccharides, such as D-apiose (Api), L-

acerate (AceA), 2-O methyl, L-fucose, 2-O methyl D-xylose, L-galactose, 2-keto-3-deoxy-D-

lyxo-2-heptulosaric acid (Dha), and 2-keto-3-deoxy-D-manno octulosonate (Kdo). The name 

RGII 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 ; Barceló & Pomar, 2001).  
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Figure 5 : Schematic representation of pectin (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 

communication (Albenne et al., 2013).It 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 

vesicular secretion process (Cassab, 1998). In general, the proteins located within the cell wall 

(CWPrs) are first synthesized with a bona fide N-terminal signal peptide as predicted by several 

bioinformatics programs although the existence of CWPrs lacking this extension is still a matter 

of debate (Albenne et al., 2013). In total, these proteins represent 1 to 10% of the dry mass of 

the plant cell wall and are listed in several online databases such as WallProtDB (San Clemente 

& Jamet, 2015). They are classified as structural proteins or enzymes but some still have 

unknown functions and others, such as expansins have a specific loosening action within the 

cell wall. With the exception of glycine-rich proteins (GRPs), all the structural proteins are 

glycosylated (Cassab, 1998). A usual classification in 9 different groups is generally accepted, 

based on bioinformatics predictions of their functional domains (Jamet et al., 2008). 

Proteins acting on polysaccharides are grouped in the most abundant class since they 

represent about 25% of the CWPrs. They include different enzymes belonging to the CAZy 
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classification namely glycoside hydrolases (GHs) (Minic & Jouanin, 2006) such as xyloglucan 

endotransglucosylases/ hydrolases (XTHs) (Eklöf & Brumer, 2010), carbohydrate esterases 

(CEs) such as pectin methylesterases (PMEs) (Giovane et al., 2004) or polysaccharide lyases 

(PLs) such as pectate lyases (Bai et al., 2017). The high abundance of 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. 

Proteases include Asp-proteases, Cys-proteases, Ser-proteases and Ser-carboxypeptidases 

(about 12% of the CWPrs). These proteins could be involved in the maturation of cell wall 

proteins, their degradation or the release of signalling peptide (van der Hoorn, 2008).  

Other smaller protein families are also present among the CWPrs such as interaction domains 

including lectins that interact with sugars, proteins that interact with other proteins through 

LRR (leucine-rich repeat) domains, and enzyme inhibitors.  

Signalling proteins mainly include arabinogalactan proteins (AGPs), fasciclin-like AGPs 

(FLAs) (Seifert & Roberts, 2007) and lectin receptor kinases or LRR receptor kinases identified 

through their extracellular domain.  

Lipid metabolism-related proteins include proteins homologous to GDSL-type 

lipases/acylhydrolases (Chepyshko et al., 2012) and lipid transfer proteins (LTPs). LTPs may 

play a role in transporting lipids through hydrophilic walls, while lipases/acylhydrolases may 

be involved in the formation of lipid bonds in the cuticle (Yeats & Rose, 2013). LTPs 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 (HRGPs). They can 

themselves be classified into three categories according to their O-glycosylation: moderately 

glycosylated extensins (EXTs), highly glycosylated (AGPs) and low-glycosylated Pro-Rich 

Proteins (PRPs) (Showalter et al., 2010). They are believed to be involved in many 

physiological and developmental processes in plants (Cannon et al., 2008), in plant defence 

(protection against pathogenic attacks or mechanical injuries) (Deepak et al., 2010) and also 

participate in cell wall rigidity (D. Xie et al., 2011). AGPs are secreted in large quantities during 

the wounding process to 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 elucidated.  They are believed to 

be involved in the plant's development process and during stress. Glycine Rich Proteins (GRPs) 

contain up to 70% glycine. They participate in the development of vascular tissue and are 

involved in stress responses (healing, cold resistance). 

Proteins of various families include all proteins that are not numerous enough to form a 

functional class and proteins of unknown function correspond to proteins without a predicted 

functional domain or with a predicted domain of unknown function (DUF). 

Finally, oxido-reductases include peroxidases, multicopper oxidases, berberine-bridge oxido-

reductases and blue copper binding proteins (between 15 and 20% of the parietal proteome). 

Peroxidases and laccases are described in detail in the following chapter about lignins. 

1.1.3.5. Lignins 

1.1.3.5.1. Generality 

Lignins are an essential component of the cell wall in certain tissues (xylem, sclerenchyma) in 

higher vascular plants (Vanholme et al., 2019). Lignification is a process that begins in the 

middle lamella as the secondary wall thickens and then gradually extends to the primary wall 

and afterwards to the secondary wall. Lignins content changes according to the wall sublayer. 

The cell corners (CCs) are the most lignified parts, followed by the compound middle lamellae 

(CMLs) and then the secondary walls (Wilson & Hatfield, 1997), In Caragana Korshinskii, for 

example, the ratio of lignins concentration in the CML, ML and secondary cell wall S2 layer 

is 1.5:1.2:1.(Xu et al., 2006). As the secondary wall is very thick and constitutes the bulk of 

the biomass, lignins is extracted mainly from the secondary wall. At present, 35 monomers 

have been identified in lignins, of which the three main ones are derived from p-coumaryl 

alcohol, coniferyl alcohol and sinapyl alcohol. Once incorporated into the lignins, they give 

respectively hydroxyphenyl (H), guaiacyl (G), and syringyl (S) monomeric units (Figure 6). 

Given the aromatic nature of the monomers, lignins are considered 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 poplar lignins polymer predicted by NMR (Nuclear magnetic 

resonance) analysis (Vanholme et al, 2010).  

1.1.3.5.2. Economic interest  

As we have seen, the plant wall is composed of multiple polymers, each with a potential 

economic interest (Figure 7) (Anwar et al., 2014). For example, fibers containing cellulose can 

be extracted to produce paper pulp. Cellulose is a compound with various interests. It is the 

compound that will be degraded by herbivores during digestion or used to produce biofuels. 
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Figure 7 : Various transformation processes of lignocellulosic biomass adapted from  (Anwar et al., 

2014) 

 

Lignins is an abundant aromatic resource. But for some of the industries using biomass, it's 

considered as a nuisance. For the paper industry, it's a waste, and for the cellulose extraction 

industry, its presence decreases the degradability of the biomass. Thus, 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, during lignins-cellulose (or 

hemicellulose) separations, the treatment generates C-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 is low, which explains why the residues are burned 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 polysaccharides (sugarcane, beet ...), oils (rapeseed ...), but also from 

agricultural waste or fast growing trees (Saini et al., 2015 ; 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 interest. In this 

case, the lignins are an obstacle to the valorization because it entraps the polysaccharides. To 

increase the yield, a lignin-alteration step is necessary (Kumar & Sharma, 2017). Research, 

through lignins engineering, tries to decrease the recalcitrance to extraction by producing 

transgenic plants with less lignins or lignins with an modified structure (Umezawa, 2018). 

However, lignins has other economic advantages, so the lignins can be either an asset or an 

obstacle to the industrial process.  It is able to conduct electric current. It could also replace 

certain materials in batteries (Jung et al., 2022) or even be used as a reinforcing agent in the 

automotive or aeronautical industry (Vasile & Baican, 2023). Lignins are important in 

construction wood because they are responsible for the mechanical performance of this 

material. The phenolic property of lignins also makes it interesting for the synthesis of phenolic 

derivatives, even if for the moment, the exploitation of this property remains limited due to the 

cost of the different processes to be used (Wenger et al., 2020). Lignins is 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 content of lignins, make it an attractive feedstock for 

biofuel and chemical production (Rinaldi et al., 2016). 

The main problem here is that each of the cell wall polymers interact with the others, so it is 

important to understand how each influences the others to be able to access more easily, or 

even improve the targeted compound. 
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1.1.3.5.3. Functions 

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

plants, water transport and defence against pathogens. They are found in vessels, rays, and 

fibers, as well as in axial parenchyma in angiosperms, and tracheids and rays in gymnosperms. 

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 conduction of sap from the roots to the 

leaves. Lignins are also found, outside the vascular system, in the sclerenchyma tissue 

(involved in mechanical support), in the Casparian strip (structure of the root endodermis) and 

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

Lignins are 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, thus limiting the penetration of 

lignocellulosic enzymes into the cell wall structure. 

1.1.3.6. Monolignols 

1.1.3.6.1. Biosynthesis 

As indicated above, there are three main monomeric units constituting lignins, H, G and S. 

Other units can however be incorporated into lignins such as 5HG (5-hydroxyguaiacyl) or the 

catechyl unit (C) derived from caffeyl alcohol(Dixon & Barros, 2019) . 

 Monolignols are synthesised from phenylalanine and/or tyrosine (grasses). These amino acids 

are produced in the chloroplasts via the shikimate pathway. From these amino acids, various 

specific lignification steps take place in the cytosol of the cells undergoing lignification to 

produce the various monolignols. (Vanholme et al., 2010)(Y. Wang et al., 2013).  

After the synthesis of phenylalanine, the first step in the synthesis of monolignols is described 

in Figure 8. It begins with the deamination of the phenylalanine side chain, or tyrosine for 

grasses, catalysed by the enzymes Phenylalanine/Tyrosine Ammonia Lyase (PAL/TAL). The 

aromatic ring is then hydroxylated by Cinnamate 4-hydroxylase (C4H), which is a cytochrome 

P450 monooxygenase. This is followed by Coenzyme A thio-esterification of the carboxyl 
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group, catalysed by 4-coumarate-CoA ligase (4CL) and leading to the formation of p-

coumaroyl-CoA. 

Figure 8 : biosynthesis pathway of monolignols from Dixon & Barros, 2019 : Schematic representation of the 

different enzymatic reactions involved in the biosynthesis of monolignol from l-phenylalanine. Deamination is 

represented in blue, hydroxylation in green, O-methylation in purple, CoA activation in brown and reduction in 

grey. The enzymes are: 1, phenylalanine ammonia lyase (PAL); 2, cinnamic acid 4-hydroxylase (C4H); 3a, 

hydroxycinnamoyl CoA : shikimate hydroxycinnamoyl transferase (HCT), coumaroyl shikimate 3′-hydroxylase 

(C3′H), and CSE; 3b, coumarate 3-hydroxylase (C3H); 4, caffeic acid/5-hydroxyconiferaldehyde 3/5-O-

methyltransferase (COMT); 5, 4-hydroxycinnamate CoA ligase (4CL); 6, caffeoyl CoA 3-O-methyltransferase 

(CCoAOMT); 7, cinnamoyl CoA reductase (CCR); 8, cinnamyl alcohol dehydrogenase (CAD); 9, ferulic 

acid/coniferaldehyde 5-hydroxylase (F5H).  
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1.1.3.6.2. Biosynthesis Regulation 

The biogenesis of the cell wall requires precise coordination of the genes involved in its 

biosynthesis, transport and assembly of its constituents. Several transcription factors of the 

NAC family (for NO APICAL MERISTEM, ARABIDOPSIS THALIANA ACTIVATING 

FACTOR1/2 and CUP-SHAPED COTYLEDON) are involved in the regulation of secondary 

wall biosynthesis genes (Sulis & Wang, 2020), and in particular NST1 (NAC Secondary wall 

Thickening promoting factor) and VND1 and VND7 (Vascular-related Nac-Domain protein) 

in the vessels, occurs upstream of other transcription factor cascades (Yamaguchi et al., 2010). 

The latter factors include members of the LIM (LIN11, ISL-1 and MEC-3) and MYB (MY 

eloBlastosis) families, in particular MYB58, MYB63 and MYB85(Zhong & Ye, 2009), which 

are expressed in the xylem where they bind to the AC sequences of the promoters of monolignol 

biosynthesis genes and regulate their expression. In Arabidopsis, the factors ZmMYB31 and 

ZmMYB42 have direct effects on the expression of C4H, 4CL, CCoAOMT, COMT and CAD 

(Fornalé et al., 2006). Some other 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 Arabidopsis which interacts with NST1/2, 

the KNAT3-NST1/2 heteromorphism complex appears to regulate F5H to promote syringyl 

lignins synthesis (Qin et al., 2020). Another way to regulate monolignol biosynthesis is the 

phosphorylation of enzymes. However, it is difficult to detect this change due to the dynamics 

of this mechanism. Researchers nevertheless succeeded in identifying two phosphopeptides in  

5-hydroxyconiferaldehyde O-methyltransferase (Wang et al., 2015). 
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Figure 9 : A scheme of transcriptional regulation of lignin biosynthetic genes in plants from (Xie et al., 2018). 

Green arrows indicate transcriptional activation. Red blunt arrows indicate transcriptional repression. The gray 

shading indicates the woody plant-specific regulatory loop. 

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 pathway are in the cytoplasm and endoplasmic reticulum, while the class III 

peroxidases and laccases that form the radicals necessary for lignins polymerization are located 

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

incorporated into the growing lignins polymer.  

There are currently three main hypotheses concerning this crossing. The first is that there are 

specific transporters, the second is that the monolignols cross the membrane passively 

(Vermaas et al., 2019) and the third is a Golgi-mediated transport (not seem probable) (Kaneda 

et al., 2008 ; Miao & Liu, 2010). 



19 

 

 

For the transporter hypothesis, it seems that monolignol glycosides are good candidates. This 

form reduces monolignol toxicity and reactivity. Moreover, they have been detected in 

gymnosperms (Terashima et al., 2016) and angiosperms (Tsuji et al., 2004). Glycosylation 

would be done by a Uridine-di-Phosphate Dependent Glycosyltransferase (UGT) (Lim, 

Jackson and Bowles, 2005). In plants, UGTs form a multigene family with more than 100 gene 

discovered (Le Roy et al., 2016). The monolignol then appears to be released from its sugar 

function by cell-wall-located beta-glucosidases to allow incorporation into lignins 

(Dharmawardhana et al., 1995). It also appears that the ABC (ATP-Binding Cassette) 

transporters can play a role in transport in Arabidopsis. AtABCG29 is a transporter that is 

thought to act as a p-coumaryl alcohol transporter at the plasma membrane (Alejandro et al., 

2012). It seems that secondary active transporters such as MFS (Major Facilitator 

Superfamily)and MATE (Multidrug And Toxic Compound Extrusion) are also involved in 

membrane transport (Väisänen et al., 2020). 

For the passive permeation mechanism, it appears to be accessible to monolignols. The 

permeability of the membrane to monolignols was shown by (Boija & Johansson, 2006) and 

(Vermaas et al., 2019). Only glycosylation or carboxylation of the lignins monomer 

significantly reduces permeability (Tsuyama et al., 2013), slowing passive diffusion and 

promoting transport and thus regulation by transporters. 

 

For Golgi-mediated transport, early studies were mainly done by autoradiography. Results 

suggested that lignins precursors could be transported via an Endoplamic 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 

studies in wheat (Pickett-Heaps, 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 microtubule bands of the wall  (Pickett-Heaps, 1968 ; Fujita & Harada, 

1979). The ER-Golgi apparatus would thus appear to be involved in the synthesis and transport 

of monolignols to the cell wall. However, the radioactive precursors could be incorporated into 

both lignins and proteins thereby interfering with the interpretation of the autoradiography (Liu 

et al., 2011). 
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1.1.3.7. Lignins Polymerisation 

The lignins polymer is formed by the oxidative polymerisation of monolignols. The three major 

forms are p-coumaryl alcohol (3-(4-hydroxyphenyl)-2-propen-1-ol), coniferyl alcohol (3-(3-

methoxy-4-hydroxyphenyl)-2-propen-1-ol) and sinapyl alcohol (3-(3,5-dimethoxy-4-

hydroxyphenyl)-2-propen-1-ol) that, once incorporated into the polymer are designated as H, 

G and S units, respectively. 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 coupling (Vanholme et al., 2010). In a first step, the 

monolignol is oxidized to form the radical monomer. Class III peroxidases and/or laccases 

could carry out this oxidation (Önnerud et al., 2002) (Figure 10). The electron of the formed 

radical is delocalized in the conjugated  

Figure 10 : Laccase- and peroxidase-mediated oxidation of coniferyl alcohol. SOD: Superoxide Dismutase. 

system between the preferential positions 4, 5 and β. Two radical monomers can then couple 

together to form a dehydrodimer. The monomers can be linked by different types of bonds, 

carbon-carbon bonds (5-5 bonds, β-1, β-5, β-β), diaryl ether bonds (4-O-5 bonds), ester bonds 

(β-O-4), dibenzodioxocin bonds and spirodienone bonds ( Figure 11) (Patil et al., 2016). 

Class III 

Peroxydase Laccase 
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Figure 11 : Common inter-monomeric linkages in lignins (Patil et al., 2016). Numbers (1-6) and Greek letters (, 

, ) indicate carbon atoms; bold lines represent the monolignol-monolignol bond. 

Bond proportions, like those of monolignols, vary by species (Figure 12). The most abundant 

linkage is the β-O-4 linkage. With regards to the monolignols present, gymnosperm lignins are 

composed mainly of G units with small amounts of H. Dicotyledonous angiosperm lignins are 

composed of G and S units with small amounts of H units (Dixon & Barros, 2019). The 

proportion of monolignols also depends on the tissue and the 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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Figure 12 : Relative percentages of different lignins monomers in stems of different species according to (Dixon 

& Barros, 2019) 

 

The laccases (EC 1.10.3.2) are part of the superfamily of multicopper oxidases. The 

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 integument (Gavnholt & Larsen, 2002). 

Class III peroxidases (EC 1.11.1.7) are enzymes catalyzing the oxidation of several 

substrates in the presence of hydrogen peroxide (H2O2). 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 that lignins polymerization is derived 

from the oxidative coupling by peroxidases and laccases of a monolignol on the growing 

lignins polymer. It appears that monolignol oxidizing enzymes have an important role in the 

spatial patterning of the lignins deposit. The presence of monolignol oxidizing enzymes in 

specific domains may play a role in guiding the spatial distribution of lignins at the tissue and 

subcellular levels. (Schuetz et al., 2014 ; Yi Chou et al., 2018 ; Hoffmann et al., 2020). In the 

Arabidopsis flower stem, some laccases and peroxidases are localized in the apoplast before 

lignins deposition (Tobimatsu & Schuetz, 2019).. 

% 

spruce 
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At the laccase level, their involvement in the lignification process could be 

demonstrated with several mutants. The double mutant laccase4 (lac4) laccase 17 (lac17) 

shows hypolignified fibers and collapsed xylem vessels in the floral stems (Berthet et al., 2011). 

When this mutant loses an additional laccase function LAC11, the lac4 lac17 lac11 triple 

mutant suffers a growth defect and histochemical analysis does not detect lignins in the stem 

or roots (Q. Zhao et al., 2013). These studies on laccase mutants therefore suggest that the 

activity of certain laccases is essential for the lignification process in the xylem of Arabidopsis. 

Photobleaching analysis (FRAP) on LAC4 showed that LAC4 is very immobile after secretion 

into the secondary cell walls,(Yi Chou et al., 2018) suggesting that LAC4 is specifically 

secreted and tightly anchored to polysaccharide-rich secondary cell wall domains (Schuetz et 

al., 2014 ; Yi Chou et al., 2018).In Chamaecyparis obtusa wood (Japanese cypress), 

LACCASE (CoLac1) and LACCASE3 (CoLac3) are likely to be responsible for the deposition 

of H-type and G-type lignins in the walls of compression wood. (Hiraide et al., 2021).  

Like laccases, class III peroxidases are involved in lignification. (Barros et al., 2015). 

In Arabidopsis, PEROXIDASE64 is involved in lignification in the Casparian strip and down-

regulation of ATPRX64 by microRNAs leads to a loss of function of the Casparian band (Lee 

et al., 2013). Knockout mutations of several peroxidase genes show a minor reduction in lignins 

content and/or alteration of lignins in inflorescence stems of Arabidopsis. The PEROXIDASE 

17 knockout shows a decrease in the amount of lignins (Cosio et al., 2017). Knockout of 

ATPRX52 results in a reduction of syringyl units mainly in the interfascicular fibers of the stem 

and a decrease in the amount of lignins (Fernández-Pérez et al., 2015a). In the atprx72 mutant, 

there is also a slight decrease in the amount of lignins (Fernández-Pérez et al., 2015b).  

1.1.3.8. Polysaccharide and lignins interactions 

The ultrastructure of the cell wall is complex. The 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 the cell (Hamant & Traas, 2010). 

The secondary wall has compressive and tensile strength, but is not extensible. Lignin-

carbohydrate bonds hold the different wall polymers together and contribute to the properties 

of the wall. In 1866, the hypothesis of existence of links between lignins and carbohydrates 
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was put forward to explain the inability to separate lignins from carbohydrates (Erdmann, 

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

 

- Cellulose/hemicelluloses interactions: in primary walls, the structure is currently described as 

consisting of cellulose microfibrils bound to xyloglucans with pectin filling spaces between 

microfibrils. Xyloglucan hemicelluloses generally have a main glucan chain similar to that of 

cellulose. This structure may allow hydrogen-bond-mediated binding to cellulose chains in the 

same way as in cellulose microfibrils (Grantham et al., 2017). These results were obtained 

either by microscopy or by chemical or enzymatic digestion, which limits the understanding of 

non-covalent binding.  However, there are still doubts about this model because the binding 

between cellulose and xyloglucans is not dynamic. Moreover, the analysis of the cell wall by 

multidimensional NMR and characterization of mutants has provided new insights into cell 

wall structure. When observing xyloglucan-deficient mutants 

(xylosyltransferase1/xylosyltransferase2 [xxt1/xxt2]), they show a development close to that of 

the wild type (Park & Cosgrove, 2012) except for a reduced size. This result calls into question 

the role of xyloglucan.  

 

- Cellulose-lignins interaction: bioinformatics modeling on lignins-cellulose interactions 

suggests that lignins binds preferentially to hydrophobic cellulose surfaces (Lindner et al., 

2013) 

 

- Hemicelluloses-lignins 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 their β-carbon) by 

nucleophilic addition at the α-position of nucleophilic groups of xylan and mannan (Mottiar et 

al., 2016) (Figure 13). 
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Despite the progress on the understanding of the wall structure, there are still many elements 

to be discovered to fully describe the relationship between the molecular structure and physical 

properties of the wall. 

 

 

 Figure 13 : hemicellulose:lignins cross-linking. (a) Radical coupling of a monolignol to ferulated xylan. 

The backbone xylosyl residue (grey) is substituted by 3-linked arabinosyl residue (pink), which is modified by a 

ferulate (brown). A -O-4 linkage between the ferulate and a monolignol is shown, but other linkages can occur. 

(b) Re-aromatisation of the quinone methide intermediate by hemicellulose nucleophiles. The quinone methide 

intermediate of two monolignols forming a -O-4 linkage is shown. The intermediate is re-aromatised by the 

carbon 6 hydroxyl of a mannosyl residue of galactoglucomannan. A mannosyl residue (blue) ether-linked to a 

dilignol is shown, but other glycosyl residues could form the bond. Curly arrows show the movement of electrons. 

Further lignins polymerisation can occur at carbons marked by orange dotted lines from (Terrett & Dupree, 2019) 

1.2. Lignins analysis 

A good understanding of lignins metabolism necessarily requires the use of techniques for their 

determination. In many articles, two approaches of "wet chemistry" have been preferred, 

according to the plant species and the tissues containing more or less amounts of lignins. These 

techniques require a preliminary step of chemical degradation. The plant material is first 

ground and lignins extracted with solvents. The degradation can be done by hydrolysis, 
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solvolysis, oxidative degradation or reductive cleavage and allows to isolate the lignins in poly- 

or monomeric form to analyse its structure. The analysis is sometimes coupled with 

chromatographic methods. 

Thus, the method using the solubilisation of lignins by acetyl bromide (Morrison, 1972a ; 

Morrison, 1972b) is well adapted to herbaceous species, whereas the gravimetric Klason 

method (Johnson et al., 1961) is more suitable for woody species. More recently, a new method, 

named Cysteine–Assisted Sulfuric Acid (CASA,) was established for measuring the lignins 

content of lignocellulosic biomass by UV spectrophotometry, based on the full dissolution of 

whole biomass in 72% sulfuric acid (SA) containing cysteine (Lu et al., 2021).  

There are also different methods for determining the H, G and S subunit composition, 

S/G ratio and more generally lignins 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., 2007), NMR (Mansfield et 

al., 2012). and vibrational spectroscopy. 

 

1.2.1. Quantification of lignins 

Acetyl bromide, thioglycolic acid and Klason are the most commonly used methods to quantify 

lignins. The first two methods are based on the solubilization of lignins and the determination 

of absorbance values at 280 nm. 

Acetyl bromide is used to solubilize lignins under acidic conditions (acetic acid). The free 

hydroxyl groups will be acetylated and the OH group of the α-carbon will be replaced by a 

bromide which allows a complete solubilization of the lignins in acidic conditions. Since this 

is not a direct method, an overestimation of the lignins content may occur due to the oxidative 

degradation of structural polysaccharides (e.g. xylans) during the incubation of the cell wall 

with the acid solution (Morrison, 1972a). 

The thioglycolate method: Lignins in the presence of thioglycolic acid forms benzyl alcohol 

groups. Under alkaline conditions, the polymer will be solubilized. The lignins content can be 

underestimated due to the specificity of the reaction with ether bonded lignins types 

(Brinkmann et al., 2002). 
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The Klason method is a gravimetric test used for the direct quantification of lignins. In this 

method, an insoluble lignins fraction is extracted from plant tissues after digestion with 72% 

sulfuric acid. The cell wall polysaccharides are then partially solubilized. During the 

experiment, other non-extracted compounds can be measured, such as proteins and 

polysaccharides, which leads to an overestimation of the lignins content. On the other hand, a 

significant fraction of the soluble lignins cannot be measured, leading this time to an 

underestimation of the lignins content. 

The CASA method Biomass is dissolved in 72% sulfuric acid containing 0.1 g/mL of l-cystein. 

The absorbance of the solution is measured at 283 nm (Lu et al., 2021). 

1.2.2. Composition and structural characterization 

Structural analysis by mass spectrometry: When lignins are pyrolyzed, before injection into 

the apparatus, the different bonds uniting the polymer are cleaved, releasing different fragments 

characteristic of the three main phenylpropanol units. The analysis of the fragments resulting 

from this pyrolysis by GC-MS thus makes it possible to trace the monolignol composition. This 

analysis technique has been widely described in the literature, proving its interest.(Del Río et 

al., 2012 ; Bule et al., 2013). The mass spectra obtained 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 polymer. This technique is a good alternative to the older 

methods of chemical determination of lignins (Lupoi et al., 2015). Some lignins 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 can also be detected. Constant et al., 2016 

observed these type 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 NMR (Nuclear magnetic resonance) : NMR is probably the analytical 

technique that has provided the most information on the structures of lignins. It enables 

identification of the different bonds between the monomers and of the 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 valorization. The 2-dimensional 

Heteronuclear Single Quantum Coherence Nuclear magnetic resonance (2-D HSQC NMR) has 

provided many details on the different types of bonds that link the aromatic units. A library of 

motifs present in lignins is now available (Lahive et al., 2020). This technology has proven to 

be particularly efficient to identify the different aromatic units composing the polymer (Del 

Río et al., 2012 ;  Heikkinen et al., 2014). But it is technically limited for the quantification of 

these different units. Proton NMR is also used alone for the analysis of lignins and can allow 

the quantification of the amount of methoxy groups present in the polymer (Aberu & 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 functionalization of lignins 

with a reagent bearing a phosphorus atom, most often 2-chloro-4,4',5,5'-tetramethyl-1,3,2-

dioxaphospholane (TMDP), and the introduction of an internal standard into the medium to 

quantify the different functions. This standard has a free hydroxyl group that will also react 

with TMDP. Cyclohexanol and cholesterol have been widely used for this purpose.(Crestini & 

Argyropoulos, 1997 ; Argyropoulos, 1994).  However, it has recently been shown that the latter 

can lead to an underestimation of the quantity of functions actually present. The use of N-

hydroxy-5-norbornene-2,3-dicarboximide is therefore recommended.(Balakshin & Capanema, 

2015). In general, this method, although particularly sensitive, remains to be optimized and 

standardized (Santos et al., 2012 ; Bouxin et al., 2015). 

Structural analysis by vibrational spectroscopy:  The spectroscopic methods are simple to set 

up and easily applicable to lignins. 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 part 0  Spectroscopy imaging technology. 
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1.2.3. Lignins imaging 

The analysis of lignins does not only involve its quantitative characterization, but also its spatial 

characterization. With 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 cellular level. 

Different techniques to access the spatial information of lignins will be described below. 

 

Histochemistry 

Histochemical staining techniques have been used for decades to visualize lignins. The 

evolution of these techniques has allowed a better precision in the localization of lignins.  

The two most known stains are the Weisner reaction (phoroglucinol HCl) (Clifford, 1974) 

(Figure 14 A) and the Maüle reaction (Meshitsuka & Nakano, 1979) (Figure 14 B). The Weiser 

reaction is the reaction between phloroglucinol and cinnamaldehyde groups of lignins giving a 

red coloration visible in transmitted light in the presence of negative ions. This reaction is 

however not specific to lignins because it can also react with other phenolic compounds such 

as cimamyl alcohol. The reaction occurs with the three monomers of lignins and the 

composition of lignins does not influence this coloring. The Maüle reaction is specific to 

monomers derived from sinapyl alcohol and generates 3-methoxy-O-quinone structures and 

gives a red-violet coloration in transmitted light. The Maüle staining can be improved by 

replacing the ammonia buffer with Tris-HCl. This improvement allows to distinguish the S and 

G units in fluorescence microscopy under blue light (Yamashita et al., 2016). 

Other histochemical stains can be used to visualize lignins. Basic fushin forms a fluorophore 

with the lignins polymer making it detectable by fluoroscopy (D. Dharmawardhana et al., 

1992). Subsequently, it was shown that the amount of lignins influenced the signal, but that the 

composition did not (Kapp et al., 2015). Safranin can also be used to stain lignins (Figure 14 

C). It forms π-π interactions with aromatic molecules and is not specific to lignins. It is 

therefore often used with Astra blue, cellulosic walls will appear blue and lignified walls red 

by transmission microscopy (Tolivia & Tolivia, 1987). Safranin can also be used alone, but in 

this case, it should be observed with a fluorescence microscope, the lignins-rich tissues will 
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see their emissivity spectra fade after 568 nm compared to a spectrum low in lignins when 

excited at 488 nm (Baldacci-Cresp et al., 2020). 

 

Figure 14 Different colorations with bright field observation on Arabidopsis thalina. A) Phloroglucinol ( Qin et 

al., 2020), B) Maüle (Ho-Yue-Kuang et al., 2016), C) Safranin and fast green (Li et al., 2019) 

Immunolocalization  

Anti-lignins antibodies were first obtained from synthetic H, G and mixed G-S lignins with 

predominantly β-O-4 liaison (Freudenberg, 1956). These antibodies were used on fixed corn 

sections and labeled with secondary antibodies bound to gold particles for observation by 

transmission electron microscopy. Subsequently, S-homopolymer antibodies were obtained 

(Joseleau et al., 2004). Similarly, antibodies directed against β-5′ and β-β linkages (Kiyoto et 

al., 2015) were used on cypress wood. The problems with this method are that it requires time-

consuming sample preparation and that commercial antibodies don’t exist, which explains the 

limited development of this strategy despite its high resolution. 

Autofluorescence 

Lignins are naturally autofluorescent. The emission range of lignins is wide because it has 

different types of fluorophores. It can be excited by UV and visible wavelengths. Physical 

factors such as pH can influence the autofluorescence. The autofluorescence of lignins can be 

obtained by excitation between 240 nm and 320 nm to obtain a maximum emission at 360 nm 

(Albinsson et al., 1999) and used in spectroscopy. This fluorescence comes from the benzene 

ring of the lignins 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 will vary (Djikanović et al., 2007). It is therefore possible to identify 

different types of lignins from the shades observed. As far as imaging is concerned, lignins can 

be excited at 355 nm (UV), 488 nm (blue light) (Donaldson, 2013). The UV emission is due to 

B C A 
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the phenolic molecules of the lignins, so it is possible to detect other phenolic compounds along 

with the lignins. However, this method has little contrast between highly lignified and poorly 

lignified walls, suggesting that the amount of lignins has 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 areas (Donaldson, 2020). Several semi-quantitative 

methods can be used for the observation of lignins: total internal reflection fluorescence 

(TIRF), fluorescence lifetime imaging microscopy (FLIM), fluorescence recovery after 

photobleaching (FRAP), two-photon microscopy (TPM), Förster resonance energy transfer 

(FRET) and stimulated emission depletion (STED). 
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Bioorthogonal chemistry: biomolecule tagging with click chemistry 

 History 

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 environment to ensure 

that their functions are not impaired. To enable this visualization, different methods have been 

developed to graft labels onto the targeted biomolecules in order to distinguish them and study 

their behaviour.  

The efforts developed to this end have led to major scientific discoveries such as the green 

fluorescent protein (GFP) and its different variants (Tsien, 1998 ; Zhang et al., 2002). The 

considerable impact of this discovery allowed Shimomura, Chalfie and Tsien to obtain the 

Nobel Prize in chemistry in 2008. This protein and its derivatives are still widely used today, 

notably by genetically engineering them into proteins of interest. The synthesized GFP-proteins 

are thus easily detectable by fluorescence microscopy. Despite its efficiency for the study of 

proteins, this technology also has several drawbacks. It is not compatible with the monitoring 

of other biomolecules such as nucleic acids, lipids, glycans as well as many proteins 

undergoing crucial post-translational modifications. Another limitation of GFP is its relatively 

large size (27 kDa) which can lead to structural changes and alter the localization and function 

of the protein on which it has been grafted. 

 

More recently, new reactions have been developed using bio-orthogonal chemistry. They were 

initiated by the team of Pr. Carolyn Bertozzi (Hang et al., 2003) and are based on the 

optimization of some pre-existing 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" reactions and require that a number of different 

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

- Biocompatibility: defines a reaction that can be carried out under physiological conditions 

(room temperature, atmospheric pressure, pH, aqueous medium and presence of oxygen) and 

compatible with a living system (non-toxic and not disrupting its metabolism); 
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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 label onto a biomolecule of interest via a bioorthogonal reaction, one must first 

incorporate a bioorthogonal reactive function. The probe can be added in a second step to label 

the biomolecule (Figure 15). Several methods have been developed to address the problem of 

incorporating the binding function. This integration can be done by a direct chemical 

modification, by incorporation of elementary building blocks (oses, amino acids, etc.) not 

naturally occurring, or by enzymatic modification. 

 

Figure 15 : Labelling of a biomolecule by bioorthogonal chemistry. Step 1 is the first step in which the chemical 

reporter (yellow oval) is added to the sample containing the target biopolymer (blue circle), as well as other 

molecules that not affected by the reaction (green rectangle and orange star). The reporter is the bioorthogonal 

compound with the reactive function to be incorporated. Step 2 is the addition of the probe (red triangle). Step 3 

is the specific (bioorthogonal) reaction of the probe with the chemical reporter that leads to the specific labelling 

of the target biopolymer. 

Step 1 Step 2 Step 3 
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Principal bioorthogonal reactions  

Staudinger reaction 

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 ligation (Saxon & Bertozzi, 2000). This 

reaction is a variant of the reduction of azides to primary amines by triphenylphosphine 

described in 1919 by Staudinger and Meyer (von H. Staudinger & Meyer). In 1919, the 

classical reduction reaction, the addition of phosphine to the azide leads to an aza-ylide 

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 phosphorus on one of the aromatic 

rings of the phosphine, it is possible to trap the aza-ylide intermediate leading to the formation 

of a very stable amide bond (Figure 16). 

Subsequently, the ligation was adapted by reacting the azide with a thioester carried by the 

phosphine. The oxide of the phosphine will be removed to form a peptide bond, this reaction 

has been called "traceless Staudinger ligation”(Nilsson et al., 2000).  

Figure 16 :  Mechanisms of Staudinger- Bertozzi Ligation (Saxon et al., 2002). The first step is the attachment of 

the azide containing molecule (orange rectangle) to the triphenylphosphine containing molecule (blue 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 Copper(I)-Catalyzed Alkyne-

Azide Cycloaddition (CuAAC). This is a 1,3 dipolar cycloaddition between an alkyne and an 

azide to form a 1,2,3-triazole by means of copper(I) catalysis (Figure 17) that can be carried 

out at room temperature and pressure (Rostovtsev et al., 2002). This reaction is an improvement 

of the Huisgen reaction (Huisgen et al., 1964) which takes place at high temperature and 

pressure, conditions incompatible with living systems. Moreover, 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 copper in situ is added, thus allowing the use of CuAAC in 

vivo. 

 

Figure 17 : Copper(I)-Catalyzed Alkyne-Azide Cycloaddition (CuAAC) mechanism. With copper, an alkyne 

containing molecule (blue triangle) reacts with an azide containing molecule (orange rectangle) to form a 1,2,3-

triazole.  

 

SPAAC reaction 

The reaction between phenyl azide and cyclooctyne was described in 1960 (Wittig & 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 temperature. There is also the Strain Promoted [3+2] 

Alkyne-Azide Cycloaddition (SPAAC) reaction (Figure 18). This reaction was born from the 

research of the Betozzi's team to overcome the non-compatibility of CuAAC with the biological 

system (Agard et al., 2004). It 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 carbon-carbon triple bond and allow the 

cycloaddition to take place (Figure 18).  

 

Figure 18 : Strain Promoted [3+2] Alkyne-Azide 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 Diels-Alder reaction is an addition of an alkene or substituted alkyne to a conjugated diene 

(Hydrocarbon containing two carbon-carbon double bonds) to form a cyclohexene derivative. 

This reaction was elucidated in 1928 by O. Diels and K. Alder(Diels & Alder, 1928) who 

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

The inverse electron demand Diels-Alder (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 biocompatibility. 
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Figure 19 : Inverse electron demand Diels–Alder (IEDDA). Tetrazine reacts with the dienophile to form a 

cycloadduct. The orange rectangle represents the rest of the tetrazine molecule and blue 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 non-invasive method can be performed at the level of cells, tissues and 

organisms. A range of different molecules have been studied in plants using this method. 

 

Pectin labelling: 

Pectin was the first plant cell wall molecule to be labelled lusing click chemistry. Anderson's 

team used CuAAC in 2012 to visualize the incorporation of a fucose analogue bearing an 

alkyne group (FucAl) (Anderson et al., 2012) (Figure 20 A) . This analog is incorporated into 

rhamnogalacturonan-I After fixation of the flurophore by click chemistry, observation by 

fluorescence microscopy shows incorporation into the root cell wall and plasmolyzed cells 

(Figure 20 B). 

 

A B A B 
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Figure 20 : A) FucAl molecule. B) localization of FuCAl incorporation in plasmolyzed Arabidopsis thaliana cells 

after click reaction with the Alexa 488-azide fluorophore. From left to right: bright field image, confocal 488 nm 

fluorescence image and superposition of bright field and 488 nm images. Scale bar 10 µm. Adapted from 

(Anderson et al., 2012) 

The same team used a chemical reporter analog of 3-deoxy-d-manno-oct-2-ulosonic acid 

(KDO) with an azide label (KDO-N3) (Figure 21 a) to follow the incorporation into 

rhamnogalacturonan-II. Reporter incubation on Arabidopsis seedlings followed by fluorophore 

coupling by CuAAC click chemistry shows RGII labelling (Figure 21 b). Labelling of RGI and 

RGII via FucAl and KDO-N3 on the same seedling using 2 consecutive CuAACs (Figure 21b) 

allowed the first double labelling of plant cells(Dumont et al., 2016).  

 

 

Figure 21 : a) Kdo-N3 molecule. Localization of the double labelling of pectins by FucAl and KDO-N3 of an 

Arabidopsis seedling root revealed by two consecutive CuAAC allowing Alexa Fluor ®488-alkyne (A488) and 

Alexa Fluor ®594-N 3 binding. (a) KDO-N3 labelling (b) FucAl labelling (c) superposition of 488 nm and 594 

nm channels. (d) bright field. Adapted from (Dumont et al., 2016) 

Other polysaccharide labelling: 

Since these early successes in plant cell wall polymer labelling, other monosaccharides have 

been developed to study glycan synthesis. Azides of N-acetylglucosamine, N-

acetylgalactosamine, L-fucose and L-arabinofuranose have been successfully integrated into 

glycans, but this time the click reaction was a Diels-Alder cycloaddition reaction to avoid 

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

Phospholipids are important molecules of plant membranes. To visualize their dynamics, a 

structural analogue (propargylcholine) of choline has been used to label the main membrane 

lipids. This molecule has been successfully incorporated in Arabidopsis thaliana and revealed 

through a click reaction allowing to attach a fluorophore to the azide of propargylcholine in 

different cell types (Figure 22) (Paper et al., 2018).  

 

Figure 22 : Propargylcholine labelling of Arabidopsis thaliana guard cells in leaves after a click reaction with the 

Alexa 594-azide fluorophore. a) propargylcholine molecule. b) brightfield observation, b’)  proparglylcholine 

labelling. Adapted from (Paper et al., 2018) 

 

Hormone binding-site 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 plant growth. Indole-3-propionic acid is an active 

structural analogue of auxin with a tag (Mravec, Kračun, Zemlyanskaya, et al., 2017).  These 

studies revealed auxin binding sites different from the ABP1 site. 

 

Lignins labelling: 

The newly synthesized lignins can be visualized by metabolic incorporation techniques of 

lignins precursor analogs with a label allowing fluorophore binding. Fluorophores are fixed by 

a click reaction. The first studies using bioorthogonal chemistry to follow the lignification 

process were done with two different coniferyl alcohol (G unit) analogues (Tobimatsu et al., 

2014 ; Bukowski et al., 2014). For the first G analogue, the alkyne was attached to the primary 

a 
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alcohol via a peptide bond while the second substituted the methoxy group with a propargyl 

group. A third analogue was designed the following year by replacing the methoxy group by 

an alkyne group (Pandey et al., 2015). A CuAAC reaction was used to visualize the 

incorporation of the different molecules (Figure 23). 

 

 

Figure 23 : Images of different G analogue incorporation profiles in Arabidopsis stems following a CuAAC 

bioorthogonal reaction. A) (Tobimatsu et al., 2014), B) (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 synthesized lignins during the development of the stem 

(Pandey et al., 2016). This work used the analog of Pandey's 2015 paper. Labelling of different 

growth stages corresponded to the known lignification of Arabidopsis. Upon inhibition of 

several lignification factors, the labelling 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 coumaryl alcohol (H unit) was synthesized by adding an azide function to the 

primary alcohol via an ethoxyethoxy linker to increase the accessibility of the azide. (Lion et 

al., 2017). Because the reporter label was different from that proposed for the G-unit analogue, 

it was possible to incorporate both analogs at the same time and subsequently perform the two 

click reactions sequentially, the SPAAC reaction (for the azide) first and the CuAAC reaction 

A B C 
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second (for the alkyne). The use of the two analogues revealed a polarization in the lignification 

dynamics for two monolignol analogues at the cellular level. 

To complete the study of the dynamics of lignification, the teams of Biot and Hawkins 

synthesized the structural analogue of the sinapyl alcohol (S unit)(Simon et al., 2018), thus 

providing click chemistry analogues for the three main units of lignins. The S analogue was 

synthesized by substituting the primary alcohol with a methylcyclopropene 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 in the same sample (Simon et al., 2018). With this triple 

bioorthogonal labelling, it’s possible to see some differences in incorporation according to the 

cell wall layer (Figure 24). Haz is preferentially incorporated in the middle lamella, Galk in the 

primary and secondary cell wall and Scp in the secondary wall. There is also an orientation of 

incorporation. For Galk, there is a stronger incorporation in the cells closer to the vascular 

cambium. 

 

Figure 24 : Triple monolignol labelling of developing xylem in the stem of flax. Blue is lignins autofluorescence, 

green is H analogue incorporation (SPAAC/ DBCO-PEG4-Rhodamine Green), red is G analogue incorporation 

(CuAAC/ Azide-fluor 545), magenta is S analogue incorporation (magenta, DARinv/ tetrazine-Cy5). Scale bar = 

5 µm. Adapted from (Simon et al., 2018) 
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Spectroscopy imaging technology 

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 together by bonds 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 and if there 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 depend 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 molecule. A molecular vibration occurs when the atoms of a molecule are 

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

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 bonds. The deformation vibrations can be in the 

plane (Figure 25 C-D) or out of the plane (Figure 25 E-F) of the molecule and causes changes 

in the angles formed by the bonds while maintaining the interatomic distance. 
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Figure 25 : Possible vibrational modes of molecules of CH2. Stretching elongation A) symmetrical 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 environment (with for 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 

One objective of our work was to map lignins together with all the other polysaccharides. For 

this, Raman microspectroscopy was chosen, as this technique is non-destructive and delivers 

information on the molecules present in different parts of the wall. By Raman microscopy 

molecular vibrations are probed based on the energy change in inelastically scattered light due 

to interaction of monochromatic light with the sample (Stokes, Anti-Stokes, Figure 26). 

Inelastic scattering of light is very weak in intensity and therefore made a big step forward in 

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

This section briefly presents the principles of Raman spectroscopies and its advantages. 

 

 Figure 26 : The different phenomena that can happen when radiation interact with matter from (Mosca 

et al., 2021) 
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Generalities 

The inelastic scattering is excited by the electromagnetic wave and corresponds 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 molecule (in 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 magnitude than 

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 state" (Figure 25 : Possible vibrational modes of 

molecules of CH2. Stretching elongation A) symmetrical 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. During the de-excitation of the molecule, three cases can be 

considered (Felidj, 2016) : 

- The de-excitation occurs at the same frequency as the excitation: this is the elastic Rayleigh 

scattering. 

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

Raman scattering. 

- The de-excitation 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 spectrum, the Rayleigh band is at the same frequency (energy) as the incident 

radiation, the Stokes bands are at lower frequency, and the anti-Stokes bands at 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 wavelength (1/λ4), and to 

the square of the change in polarizability during vibration. Thus, it depends on the number of 

molecules present in the initial state. As shown in (Figure 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 having them in a ground state and therefore Stokes bands 

are more intense than anti-Stokes, and preferentially recorded (Long, 1977). In the context of 
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the analysis of biological materials (e.g. plants), fluorescence can arise and masks the Raman 

signal. This is the case, when molecules (e.g. phenolic components) reach an excited electronic 

level, followed by fluorescence emission (Figure 27 : Different energy transitions that can 

occur during a Raman analysis. ν0 corresponds to the excitation frequency of the laser, νvib 

corresponds to the vibration frequency of the analyzed molecule.. It is possible to get rid of this 

phenomenon by using excitation wavelengths less energetic in the near infrared, such as 1064 

nm. Compared to wavelength in the visible or UV range, the Raman signal will be less intense, 

compensated by a higher laser excitation power (Barbillat et al., 1999). 

Raman spectroscopy can be considered completely non-destructive because it does not require 

any sampling, and even no contact with the sample. However, one experimental criterion 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 that of the transformed products. Particular 

attention is therefore systematically paid to the spectra 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 of micro-samples, like 

the plant microsections used 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 analytes, as well 

as complex heterogeneous samples thanks to the microscope, like biological sample. 

 

 

ν0 

 ν0 - νvib  ν0 + νvib 

Fondamental electronic level 

Virtual electronic level 

Rayleigh Stoke Anti-stoke 
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Figure 27 : Different energy transitions that can occur during a Raman analysis. ν0 corresponds to the excitation 

frequency of the laser, νvib corresponds to the vibration frequency of the analyzed molecule. 

  

Raman spectroscopy can be applied to biological samples and thus to plant samples (Mateu et 

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

1987). Subsequently, different types of plant cellulosic fibers have been characterized in a 

general way, such as flax (Himmelsbach et al., 1999) or cotton (Edwards et al., 1997) and the 

distribution of the main components in different tissues (epidermis, liber fiber) has been 

demonstrated (Himmelsbach et al., 1999). Raman imaging, generating chemical images based 

on the spectra, was first used on wood cell walls (Agarwal, 2006 ; Gierlinger & Schwanninger, 

2006). As wooden cell 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 cm-1 allows to visualize a region rich in lignins. Inorganic 

substances can also be detected, like calcium oxalate (Macnish et al., 2003) , or silica (Dietrich 

et al., 2002) 

 

Infrared 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 all spectroscopic 

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 techniques, the 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 14000 cm-1 to 10 

cm-1, is located between the visible region and the radio waves of the electromagnetic spectrum. 

This IR domain is divided into three regions: the near-IR, the middle-IR and the far-IR. The 
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near-IR, which is more energetic, is approximately between 14000-4000 cm-1 and allows the 

study of harmonic vibrations. The mid-IR between 4000-400 cm-1 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. The far-IR, 

approximately from 400 cm-1 to 10 cm-1, is less energetic and is used to study rotational 

spectroscopy 

FTIR is widely used in the analysis of plant walls (Dokken et al., 2007). It allows the detection 

of different types of linkage allowing the identification of polymers and their functional group. 

In 1998, Boeriu et al were able to use near infrared spectroscopy (Boeriu et al., 1998) from 

green beans extract characterize the degree of esterification of cell wall pectin. Mid-IR 

spectroscopy can be used without extraction or solubilization to obtain information on parietal 

polysaccharides (Alonso-Simón et al., 2011). Different peaks can be related to the polymers. 

For lignins, the characteristic peaks are 1510, 1530-1540 and 1595 cm-1 (Smith-Moritz et al., 

2011). This technique can be combined with optical microscopy (Gierlinger et al., 2008) 
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Objectives 

The overall aim of this thesis is to increase our understanding of lignins 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 from three main monomeric units (monolignols): p-

coumaryl alcohol, coumaryl alcohol and sinapyl alcohol that give rise to the lignin H, G and S 

units, respectively. Lignins show a great structural diversity due to the relative amount of 

different H, G and S units, as well as the existence of different inter-monomeric bonds. 

Lignification can be regulated at 3 different steps: during monomer biosynthesis, during 

monomer transport across the membrane and during monomer oxidation. This 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 matrix might also affect the lignification process. 

The objective of this PhD thesis was to test this hypothesis. For this purpose, it was 

decided to use a combination of different imaging techniques to investigate the lignification 

process in different cell wall mutants of Arabidopsis 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 these techniques 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 developed two novel in 

situ imaging methods for investigating lignification in plants. The first method is based upon 

the incorporation of monolignol chemical reporters in a bioorthogonal, “click-chemistry” 

approach (Simon et al., 2018). The second method is a semi-quantitative ratiometric technique 

based upon the fluorescence of safranin-O-stained sections (Baldacci-Cresp 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 secondary wall vs cell 

corner) depending upon the cell type and/or the developmental stage analysed. However, at the 

start of this PhD there was no analytical pipeline in place for analysing such differences.  

A first step was 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 chapter 0 of this thesis. 

The algorithm developed for the analysis of chemical reporter incorporation into the 

different plant cell wall layers was then adapted to Safranin-O staining. This work (Morel et 

al., 2023) is described in the chapter 0 of this thesis. 

Both the chemical reporter strategy and the safranin-O 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 necessary to implement another 

powerful imaging technique for characterizing these polymers.  The BioNaMi team (BOKU 

University of Natural Resources and Life Sciences, Vienna) has considerable expertise in the 

use of Raman vibrational spectroscopy for characterizing the cell wall Still with a view to 

extracting maximum data, Raman spectra analysis has been optimized for the walls studied. 

This advanced technique (Morel & Gierlinger, 2023) is described in the chapter 0 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 Arabidopsis irx9 mutants.  A publication project 

describing these results is presented in the chapter 0 of this thesis. The irx9-2 (irregular xylem 

9) mutation affects a gene encoding a ß-1,4-xylosyltransferase involved in the elongation of 

the xylan chain of glucuronoxylans and is characterized by modifications to the cell wall 

hemicelluloses. The study of lignification in this mutant compared to WT plants should allow 

us to see whether modifications in cell wall polysaccharide matrix impact lignification. 
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Results and discussion 

Paper I: Development of a novel analytical technique to quantify monolignol 
reporter incorporation into the cell wall 

The triple lignins labelling technique 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 in 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 

reporters’ incorporation, we developed an imageJ® macro to differentiate several sublayers of 

the cell wall. The segmented parts are: the cell corner (CC-, the compound middle lamella 

(CML = middle lamella and primary cell wall) and the secondary cell wall (SCW). These three 

sub-layers were chosen because it is known that their lignins and polysaccharide compositions 

change during development. We have developed the segmentation method by parametric 

segmentation and artificial intelligence. The possibility to use both methods is an advantage 

for users. They can 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) represents 

the relative distribution of the total signal of a single reporter between the three sublayers. 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 

Arabidopsis thaliana class III peroxidase mutant, Populus tremula x Populus alba, Linium 

usitatissimum and Zea mays. The prx64 mutant is known to be involved in lignification.  

 

This work has allowed us to obtain more information 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 

the ratiometric methods. 
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Personal contribution : For this article I realized the experiments, created the plug-in with the 

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

authors. 
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Supplemental Dataset S1 : Dataset supporting the manuscript dedicated to lignin 
precursor incorporation analysis, bioorthogonal labelling, parametric and AI based 
segmentation. 

The combination of chemical reporter-, segmentation- and ratiometric-methods enables 

high-quality mapping of lignification dynamics in plant cell walls 

Are available: 

-the algorithm with graphical user interface for imageJ and its installation procedure 

("Cell_Wall_Segmentation " and "Tutorial Cell_Wall_Segmentation") 

-a folder comprising a classifier and a data set compatible with the machine learning part of 

the algorithm "data and classifier for weka" 

- representative images adapted for testing “representative images” 

- the macro corresponding to the parametric segmentation procedure (see imageJ 

documentation for installation instructions) “parametric_segmentation” 
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Cell Wall Segmentation Tutorial 
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Run.py  

from ij.macro import Interpreter 

from ij.io import DirectoryChooser, Opener 

from ij.gui import GenericDialog, ProgressBar 

import time 

from ij.plugin import FolderOpener 

from os import listdir 

from os.path import isfile, join 

from java.io import File 

import os 

from loci.plugins.in import ImporterOptions 

from loci.plugins import BF 

from ij import IJ 

from ij.measure import ResultsTable 

from ij.plugin.filter import Analyzer 

from trainableSegmentation import WekaSegmentation 

from trainableSegmentation.utils import Utils 

from ij import WindowManager 

import sys 

import os.path 

def parametric_macro(): 

 interpreter = Interpreter() 

 interpreter.run('''//  images must be high resolution images, respecting nyquist criterion 

and with 12 to 16 bits 

//  with 5 channels: autofluorescence-H-G-S-transmission.  
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//  Only channel 2 to 4 are used for calculation 

// the macro provides a montage and stack of each segmentation channel (RGB) and quantified 

data in  

// the "result" window 

// 

// to operate, just open your image and click run on this macro 

//  you can select what you want to measure on the next line called set measurements: 

setBatchMode(true);  

run("Set Measurements...", "mean standard modal min median redirect=None decimal=1"); 

temp = getInfo("image.filename"); 

rename("image"); 

run("Split Channels"); 

////////////////////////// segmentation starts here////////////////////////////// 

// cell borders 

selectWindow("C2-image"); 

run("Duplicate...", "title=[C2-contour cellule]"); 

setAutoThreshold("Huang"); 

run("Convert to Mask"); 

run("Fill Holes"); 

run("Dilate"); 

run("Dilate"); 

run("Fill Holes"); 

run("Voronoi"); 

selectWindow("C1-image"); 

run("Duplicate...", "title=[C1-cell corner]"); 
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setAutoThreshold("Huang"); 

run("Convert to Mask"); 

run("Fill Holes"); 

run("Dilate"); 

run("Dilate"); 

run("Fill Holes"); 

//cell corner 

run("Convert to Mask"); 

run("Distance Map"); 

run("Enhance Local Contrast (CLAHE)", "blocksize=127 histogram=256 maximum=3 

mask=*None* fast_(less_accurate)"); 

run("Find Maxima...", "prominence=6 output=[Maxima Within Tolerance]"); 

run("Erode"); 

rename("cell corner"); 

//lamella 

selectWindow("C2-contour cellule"); 

setThreshold(1, 65600); 

run("Convert to Mask"); 

run("Dilate"); 

imageCalculator("Subtract create", "C2-contour cellule","cell corner"); 

selectWindow("Result of C2-contour cellule"); 

rename("lamelle moyenne"); 

//paroi 

selectWindow("C1-image"); 

run("Duplicate...", "title=[C1-paroi]"); 
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setAutoThreshold("Moments dark"); 

setOption("BlackBackground", true); 

run("Convert to Mask"); 

run("Erode"); 

run("Dilate"); 

run("Dilate"); 

imageCalculator("Subtract create", "C1-paroi","lamelle moyenne"); 

selectWindow("Result of C1-paroi"); 

rename("paroi"); 

imageCalculator("Subtract create", "paroi","cell corner"); 

selectWindow("Result of paroi"); 

rename("parois"); 

close("paroi"); 

close("C1-cell corner"); 

close("C2-contour cellule"); 

close("C1-paroi"); 

//////////////// convert binay mask into 0-1 operators 

selectWindow("lamelle moyenne"); 

run("Divide...", "value=255"); 

selectWindow("parois"); 

run("Divide...", "value=255"); 

selectWindow("cell corner"); 

run("Divide...", "value=255"); 

/////////////////////////////////calculations for H///////////////////////////////// 

imageCalculator("Multiply create 32-bit", "parois","C2-image"); 
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selectWindow("Result of parois"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("parois H"); 

run("Green"); 

imageCalculator("Multiply create 32-bit", "C2-image","cell corner"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("cell corner H"); 

imageCalculator("Multiply create 32-bit", "C2-image","lamelle moyenne"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("LM H"); 

/////////////////////////////////calculations for G///////////////////////////////// 

imageCalculator("Multiply create 32-bit", "C3-image","parois"); 

selectWindow("Result of C3-image"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("paroi G"); 

imageCalculator("Multiply create 32-bit", "C3-image","lamelle moyenne"); 

selectWindow("Result of C3-image"); 
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setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("LM G"); 

imageCalculator("Multiply create 32-bit", "C3-image","cell corner"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("cell corner G"); 

/////////////////////////////////calculations for S///////////////////////////////// 

imageCalculator("Multiply create 32-bit", "C4-image","parois"); 

selectWindow("Result of C4-image"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("paroi S"); 

imageCalculator("Multiply create 32-bit", "C4-image","lamelle moyenne"); 

selectWindow("Result of C4-image"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("LM S"); 

imageCalculator("Multiply create 32-bit", "C4-image","cell corner"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 
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run("NaN Background"); 

rename("cell corner S"); 

///////////////////////////////// measurements ///////////////////////////////// 

run("Clear Results"); 

selectWindow("parois H"); 

run("Measure"); 

setResult("Label", 0, "membrane H") 

run("RGB Color"); 

selectWindow("LM H"); 

run("Measure"); 

setResult("Label", 1, "LM H") 

run("RGB Color"); 

selectWindow("cell corner H"); 

run("Measure"); 

setResult("Label", 2, "cell corner H") 

run("RGB Color"); 

selectWindow("paroi G"); 

run("Measure"); 

setResult("Label", 3, "membrane G") 

run("RGB Color"); 

selectWindow("LM G"); 

run("Measure"); 

setResult("Label", 4, "LM  G") 

run("RGB Color"); 

selectWindow("cell corner G"); 
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run("Measure"); 

setResult("Label", 5, "cell corner G") 

run("RGB Color"); 

selectWindow("paroi S"); 

run("Measure"); 

setResult("Label", 6, "membrane S") 

run("RGB Color"); 

selectWindow("LM S"); 

run("Measure"); 

setResult("Label", 7, "LM S") 

run("RGB Color"); 

selectWindow("cell corner S"); 

run("Measure"); 

setResult("Label", 8, "cell corner S") 

run("RGB Color"); 

/////////////////////////////////final montage///////////////////////////////// 

close("cell corner"); 

close("parois"); 

close("lamelle moyenne"); 

close("C1-image"); 

close("C2-image"); 

close("C3-image"); 

close("C4-image"); 
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run("Concatenate...", "open image1=[parois H] image2=[LM H] image3=[cell corner H] 

image4=[paroi G] image5=[LM G] image6=[cell corner G] image7=[paroi S] image8=[LM S] 

image9=[cell corner S]"); 

run("Make Montage...", "columns=3 rows=3 scale=0.5 "); 

selectWindow("Montage"); 

rename(temp); 

run("Enhance Contrast", "saturated=0.35"); 

setBatchMode(false);  

''') 

def parametric_segmentaion_single():  

 gd1 = GenericDialog("Lignin Segmentation") 

 gd1.addMessage("The parametric segmentation will begin. Please wait during the 

process") 

 gd1.hideCancelButton() 

 gd1.showDialog() 

 parametric_macro() 

 time.sleep(1) 

 gd2 = GenericDialog("Lignin Segmentation") 

 gd2.addMessage("Parametric Segmentation Complete") 

 gd2.hideCancelButton() 

 gd2.showDialog() 

  """if gd2.wasOKed(): 

  # TODO: Batch over all images 

  print 'Selected : yes' 

 else: 
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  # TODO: Try Weka segmentation 

  print 'Selected : no'""" 

def ai_segmentation_batch(): 

 setBatchMode(true); 

 interpreter = Interpreter() 

 directory_chooser = DirectoryChooser("Select a folder - Lignin Segmentation") 

 directory = directory_chooser.getDirectory() 

 files = [f for f in listdir(directory) if isfile(join(directory, f))] 

 results_path = directory + "results" 

 results_path = results_path.replace(os.sep, '/') 

 if os.path.exists(results_path): 

  gd1 = GenericDialog("Lignin Segmentation") 

  gd1.addMessage("A prior result file has been detected. Please move it or delete 

it in order to make a new segmentation") 

  gd1.hideCancelButton() 

  gd1.showDialog() 

  sys.exit() 

 os.mkdir(results_path) 

 gd2 = GenericDialog("Lignin Segmentation") 

 gd2.addMessage("The AI batch will begin. Please wait during the process") 

 gd2.hideCancelButton() 

 gd2.showDialog() 

 progress_bar = ProgressBar(200, 300) 

 nbr = len(files) 

 i = 0 
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 mean_values = [] 

 for f in files: 

  try: 

   # Batch 

   progress_bar.show(i, nbr) 

   file_path = directory + f 

   file_path = file_path.replace(os.sep, '/') 

   interpreter.run('run("Bio-Formats Windowless Importer", "open=[' + 

file_path + ']");') 

   ai_macro() 

   #IJ.selectWindow(f) 

   IJ.saveAs("jpg", results_path + "/segmentation-" + f) 

   interpreter.run('close("' + f +'");') 

   IJ.selectWindow("Results") 

   results_table = Analyzer.getResultsTable() 

   temp_mean = results_table.getColumn(1) 

   strlist = ''.join([str(elem) for elem in temp_mean]) 

   strlist = strlist.replace('.', '') 

   print strlist 

   if "nan" in strlist:  

    print 'BAD FILE' 

   else: 

    mean_values.append(temp_mean) 

   IJ.saveAs("Results", results_path + "/results-" + f + ".csv") 
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   #interpreter.run('saveAs("Results", ' + results_path + "/results-" + f + 

');')   

   interpreter.run('close("Results");') 

   interpreter.run('close("*");') 

   i += 1 

  except Exception as e: 

   pass 

 # Creating final Results table 

 x = tuple(mean_values) 

 mean_values = [sum(y) / len(y) for y in zip(*x)] 

 final_results = ResultsTable() 

 final_results.setDefaultHeadings() 

 final_results.setValue(0, 0, "membrane H") 

 final_results.setValue(0, 1, "LM H") 

 final_results.setValue(0, 2, "cell corner H") 

 final_results.setValue(0, 3, "membrane G") 

 final_results.setValue(0, 4, "LM  G") 

 final_results.setValue(0, 5, "cell corner G") 

 final_results.setValue(0, 6, "membrane S") 

 final_results.setValue(0, 7, "LM S") 

 final_results.setValue(0, 8, "cell corner S") 

 i = 0 

 while i < 9: 

  final_results.setValue(1, i, str(mean_values[i])) 

  i += 1 
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 final_results.show("Final-Results") 

def parametric_segmentaion_batch():  

 interpreter = Interpreter() 

 directory_chooser = DirectoryChooser("Select a folder - Lignin Segmentation") 

 directory = directory_chooser.getDirectory() 

 files = [f for f in listdir(directory) if isfile(join(directory, f))] 

 results_path = directory + "results" 

 results_path = results_path.replace(os.sep, '/') 

 if os.path.exists(results_path): 

  gd1 = GenericDialog("Lignin Segmentation") 

  gd1.addMessage("A prior result file has been detected. Please move it or delete 

it in order to make a new segmentation") 

  gd1.hideCancelButton() 

  gd1.showDialog() 

  sys.exit() 

 os.mkdir(results_path) 

 gd2 = GenericDialog("Lignin Segmentation") 

 gd2.addMessage("The paramateric batch will begin. Please wait during the process") 

 gd2.hideCancelButton() 

 gd2.showDialog() 

 progress_bar = ProgressBar(200, 300) 

 nbr = len(files) 

 i = 0 

 mean_values = [] 
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  for f in files: 

  try: 

   # Batch 

   progress_bar.show(i, nbr) 

   file_path = directory + f 

   file_path = file_path.replace(os.sep, '/') 

   interpreter.run('run("Bio-Formats Windowless Importer", "open=[' + 

file_path + ']");') 

   parametric_macro() 

   IJ.selectWindow(f) 

   IJ.saveAs("jpg", results_path + "/segmentation-" + f) 

   interpreter.run('close("' + f +'");') 

   IJ.selectWindow("Results") 

   results_table = Analyzer.getResultsTable() 

   temp_mean = results_table.getColumn(1) 

   strlist = ''.join([str(elem) for elem in temp_mean]) 

   strlist = strlist.replace('.', '') 

   print strlist 

   if "nan" in strlist:  

    print 'BAD FILE' 

   else: 

    mean_values.append(temp_mean) 

   IJ.saveAs("Results", results_path + "/results-" + f + ".csv") 

   #interpreter.run('saveAs("Results", ' + results_path + "/results-" + f + 

');')   
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   interpreter.run('close("Results");') 

   i += 1 

  except Exception as e: 

   pass 

 # Creating final Results table 

 x = tuple(mean_values) 

 mean_values = [sum(y) / len(y) for y in zip(*x)] 

 

 final_results = ResultsTable() 

 final_results.setDefaultHeadings() 

 final_results.setValue(0, 0, "membrane H") 

 final_results.setValue(0, 1, "LM H") 

 final_results.setValue(0, 2, "cell corner H") 

 final_results.setValue(0, 3, "membrane G") 

 final_results.setValue(0, 4, "LM  G") 

 final_results.setValue(0, 5, "cell corner G") 

 final_results.setValue(0, 6, "membrane S") 

 final_results.setValue(0, 7, "LM S") 

 final_results.setValue(0, 8, "cell corner S") 

 i = 0 

 while i < 9: 

  final_results.setValue(1, i, str(mean_values[i])) 

  i += 1 

 final_results.show("Final-Results") 

 def ai_segmentation_single(): 
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 gd1 = GenericDialog("Lignin Segmentation") 

 gd1.addMessage("The AI segmentation will begin. Please wait during the process") 

 gd1.hideCancelButton() 

 gd1.showDialog() 

 ai_macro() 

def ai_macro(): 

 original_imp = WindowManager.getCurrentImage() 

 original_title = original_imp.getTitle() 

 original_imp_clone = original_imp.clone() 

 interpreter = Interpreter() 

 interpreter.run(''' 

 setBatchMode(true); 

 rename("image"); 

 setAutoThreshold("Default"); 

 //run("Threshold..."); 

 setAutoThreshold("Otsu dark"); 

 setOption("BlackBackground", false); 

 run("Convert to Mask", "method=Otsu background=Dark calculate"); 

 run("Despeckle", "stack"); 

 run("Split Channels"); 

 imageCalculator("Add create", "C1-image","C2-image"); 

 selectWindow("Result of C1-image"); 

 imageCalculator("Add create", "C3-image","C4-image"); 

 selectWindow("Result of C3-image"); 

 imageCalculator("Add create", "Result of C1-image","Result of C3-image"); 
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 selectWindow("Result of Result of C1-image"); 

 selectWindow("Result of C3-image"); 

 close(); 

 selectWindow("Result of C1-image"); 

 close(); 

 selectWindow("C4-image"); 

 close(); 

 selectWindow("C3-image"); 

 close(); 

 selectWindow("C2-image"); 

 close(); 

 selectWindow("C1-image"); 

 close(); 

 selectWindow("Result of Result of C1-image"); 

 run("Fill Holes"); 

 setBatchMode(false);''') 

 imp = WindowManager.getCurrentImage() 

 imp_clone = imp.clone() 

 segmentator = WekaSegmentation(imp) 

 segmentator.loadClassifier('scripts/Cell_Wall_Segmentation/ls_classifier.model') 

 segmentator.loadTrainingData('scripts/Cell_Wall_Segmentation/ls_data.arff') 

 segmentator.applyClassifier(True) 

 result = segmentator.getClassifiedImage() 

 result.show() 

 interpreter.run(''' 
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 run("Stack to Images"); 

 selectWindow("int cell"); 

 close(); 

 ///////////////////////////////////////////////// 

 selectWindow("wall"); 

 setAutoThreshold("Minimum dark"); 

 setOption("BlackBackground", false); 

 run("Convert to Mask"); 

 selectWindow("medium lamella"); 

 //run("Enhance Local Contrast (CLAHE)", "blocksize=127 histogram=256 

maximum=3 mask=*None* fast_(less_accurate)"); 

 setAutoThreshold("Moments dark"); 

 run("Convert to Mask"); 

 selectWindow("cell corner"); 

 //run("Enhance Local Contrast (CLAHE)", "blocksize=127 histogram=256 

maximum=3 mask=*None* fast_(less_accurate)"); 

 setAutoThreshold("Moments dark"); 

 run("Convert to Mask"); 

 ///////////////////////////////////////////////// 

 imageCalculator("Subtract create", "wall","medium lamella"); 

 imageCalculator("Subtract create", "Result of wall","cell corner"); 

 selectWindow("Result of Result of wall"); 

 run("Erode"); 

 run("Dilate"); 

 rename("parois"); 
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 ///////////////////////////////////////////////// 

 imageCalculator("Subtract create", "medium lamella","cell corner"); 

 selectWindow("Result of medium lamella"); 

 run("Erode"); 

 run("Dilate"); 

 rename("lamelle moyenne"); 

 ///////////////////////////////////////////////// 

 selectWindow("cell corner"); 

 run("Erode"); 

 run("Dilate"); 

 rename("cell corner"); 

 /////////////////////////////////////////////////  

 close("medium lamella"); 

 close("Result of wall"); 

 close("wall"); 

 ''') 

 # Re opening the original image 

  original_imp_clone.show() 

 print 'cloned' 

  interpreter.run(''' 

 /////////////////////////////////////////////////////////////////////////////////////////////// 

 // 12 - 14 macro para 

 temp = getInfo("image.filename"); 

 rename("image"); 

 run("Split Channels");''') 
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 print 'here' 

 interpreter.run(''' 

  //////////////// convert binay mask into 0-1 operators 

 selectWindow("lamelle moyenne"); 

 run("Divide...", "value=255"); 

 selectWindow("parois"); 

 run("Divide...", "value=255"); 

 selectWindow("cell corner"); 

 run("Divide...", "value=255"); 

  

 /////////////////////////////////calculations for H///////////////////////////////// 

  

 imageCalculator("Multiply create 32-bit", "parois","C2-image"); 

 selectWindow("Result of parois"); 

 setAutoThreshold("Default dark"); 

  

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("parois H"); 

 run("Green"); 

 imageCalculator("Multiply create 32-bit", "C2-image","cell corner"); 

 setAutoThreshold("Default dark"); 

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("cell corner H"); 
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 imageCalculator("Multiply create 32-bit", "C2-image","lamelle moyenne"); 

 setAutoThreshold("Default dark"); 

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("LM H"); 

 /////////////////////////////////calculations for G///////////////////////////////// 

 imageCalculator("Multiply create 32-bit", "C3-image","parois"); 

 selectWindow("Result of C3-image"); 

 setAutoThreshold("Default dark"); 

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("paroi G"); 

 imageCalculator("Multiply create 32-bit", "C3-image","lamelle moyenne"); 

 selectWindow("Result of C3-image"); 

 setAutoThreshold("Default dark"); 

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("LM G"); 

 imageCalculator("Multiply create 32-bit", "C3-image","cell corner"); 

 setAutoThreshold("Default dark"); 

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("cell corner G"); 

 /////////////////////////////////calculations for S///////////////////////////////// 

  



93 

 

 

 imageCalculator("Multiply create 32-bit", "C4-image","parois"); 

 selectWindow("Result of C4-image"); 

 setAutoThreshold("Default dark"); 

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("paroi S"); 

 imageCalculator("Multiply create 32-bit", "C4-image","lamelle moyenne"); 

 selectWindow("Result of C4-image"); 

 setAutoThreshold("Default dark"); 

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("LM S"); 

 imageCalculator("Multiply create 32-bit", "C4-image","cell corner"); 

 setAutoThreshold("Default dark"); 

 setThreshold(10, 65600); 

 run("NaN Background"); 

 rename("cell corner S"); 

  

 ///////////////////////////////// measurements ///////////////////////////////// 

  

 run("Clear Results"); 

 selectWindow("parois H"); 

 run("Measure"); 

 setResult("Label", 0, "membrane H") 

 run("RGB Color"); 
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 selectWindow("LM H"); 

 run("Measure"); 

 setResult("Label", 1, "LM H") 

 run("RGB Color"); 

 selectWindow("cell corner H"); 

 run("Measure"); 

 setResult("Label", 2, "cell corner H") 

 run("RGB Color"); 

 selectWindow("paroi G"); 

 run("Measure"); 

 setResult("Label", 3, "membrane G") 

 run("RGB Color"); 

 selectWindow("LM G"); 

 run("Measure"); 

 setResult("Label", 4, "LM  G") 

 run("RGB Color"); 

 selectWindow("cell corner G"); 

 run("Measure"); 

 setResult("Label", 5, "cell corner G") 

 run("RGB Color"); 

 selectWindow("paroi S"); 

 run("Measure"); 

 setResult("Label", 6, "membrane S") 

 run("RGB Color"); 

 selectWindow("LM S"); 
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 run("Measure"); 

 setResult("Label", 7, "LM S") 

 run("RGB Color"); 

 selectWindow("cell corner S"); 

 run("Measure"); 

 setResult("Label", 8, "cell corner S") 

 run("RGB Color"); 

  

 /////////////////////////////////final montage///////////////////////////////// 

  

 close("cell corner"); 

 close("parois"); 

 close("lamelle moyenne"); 

 close("C1-image"); 

 close("C2-image"); 

 close("C3-image"); 

 close("C4-image"); 

 run("Concatenate...", "open image1=[parois H] image2=[LM H] image3=[cell corner 

H] image4=[paroi G] image5=[LM G] image6=[cell corner G] image7=[paroi S] image8=[LM 

S] image9=[cell corner S]"); 

 run("Make Montage...", "columns=3 rows=3 scale=0.5 "); 

 selectWindow("Montage"); 

 //rename(temp); 

 run("Enhance Contrast", "saturated=0.35");''') 

 result_imp = WindowManager.getCurrentImage() 
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 interpreter.run(''' 

 selectWindow('Montage'); 

 close("\\Others"); 

 ''') 

 #new_title = "Result-" + original_title 

 result_imp.setTitle(original_title) 

def main(): 

 # Dialog asking if we want to process a Single Image or Batch  

 gd1 = GenericDialog("Lignin Segmentation") 

 gd1.addChoice("What action do you want to perform?", ["Single Image", "Batch"], 

"Single Image") 

 gd1.hideCancelButton() 

 gd1.showDialog() 

 gd2 = GenericDialog("Lignin Segmentation") 

 gd2.addChoice("_What type if segmentation do you want to perform?", ["Parametric 

Segmentation", "AI Segmentation", ], "Parametric Segmentation") 

 gd2.hideCancelButton() 

 if gd1.getNextChoice() == "Single Image": 

  # Single Image selected 

  gd2.showDialog() 

  choice_2 = gd2.getNextChoice() 

  if choice_2 == "Parametric Segmentation": 

   parametric_segmentaion_single() 

  elif choice_2 == "AI Segmentation": 

   ai_segmentation_single() 
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  else: 

   # User does not know. Will process by parametric then by AI 

segmentation if the parametric doesn't work 

   pass 

 else: 

  gd2.showDialog() 

  choice_2 = gd2.getNextChoice() 

  if choice_2 == "Parametric Segmentation": 

   parametric_segmentaion_batch() 

  elif choice_2== "AI Segmentation": 

   ai_segmentation_batch() 

  else: 

   # User does not know. Will process by parametric then by AI 

segmentation if the parametric doesn't work 

   pass 

if __name__ == "__main__": 

 main() 

"""from ij.macro import Interpreter 

from ij import WindowManager 

import time 

interpreter = Interpreter() 

imp = WindowManager.getCurrentImage() 

imp_clone = imp.clone() 

imp.close() 

time.sleep(2) 
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imp_clone.show()""" 

 

parametric_segmentation.ijm : 

//  images must be high resolution images, respecting nyquist criterion and with 12 to 16 bits 

//  with 5 channels: autofluorescence-H-G-S-transmission.  

//  Only channel 2 to 4 are used for calculation 

// the macro provides a montage and stack of each segmentation channel (RGB) and quantified 

data in  

// the "result" window 

// 

// to operate, just open your image and click run on this macro 

//  you can select what you want to measure on the next line called set measurements: 

run("Set Measurements...", "mean redirect=None decimal=0"); 

 

 

temp = getInfo("image.filename"); 

rename("image"); 

run("Split Channels"); 

 

////////////////////////// segmentation starts here////////////////////////////// 

selectWindow("C4-image"); 

run("Duplicate...", "title=C4-masque "); 

//run("Threshold..."); 

setAutoThreshold("Otsu dark"); 
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setOption("BlackBackground", true); 

run("Convert to Mask"); 

run("Despeckle"); 

 

selectWindow("C3-image"); 

run("Duplicate...", "title=C3-masque "); 

setAutoThreshold("Otsu dark"); 

//run("Threshold..."); 

setAutoThreshold("Otsu dark"); 

run("Convert to Mask"); 

run("Despeckle"); 

 

selectWindow("C2-image"); 

run("Duplicate...", "title=C2-masque "); 

setAutoThreshold("Otsu dark"); 

//run("Threshold..."); 

setAutoThreshold("Otsu dark"); 

run("Convert to Mask"); 

run("Despeckle"); 

 

selectWindow("C1-image"); 

run("Duplicate...", "title=C1-masque "); 

setAutoThreshold("Otsu dark"); 

//run("Threshold..."); 

setAutoThreshold("Otsu dark"); 
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run("Convert to Mask"); 

run("Despeckle"); 

 

////merge of marsque 

imageCalculator("OR create 32-bit", "C1-masque","C2-masque"); 

imageCalculator("OR create 32-bit", "C3-masque","C4-masque"); 

imageCalculator("OR create 32-bit", "Result of C1-masque","Result of C3-masque"); 

close("C4-masque"); 

close("C3-masque"); 

close("C2-masque"); 

close("C1-masque"); 

close("Result of C1-masque"); 

close("Result of C3-masque"); 

 

run("Duplicate...", "title=[C1-contour cellule]"); 

run("Invert"); 

setOption("ScaleConversions", true); 

run("8-bit"); 

run("Fill Holes"); 

run("Despeckle"); 

run("Voronoi"); 

 

 

//cell corner 

selectWindow("Result of Result of C1-masque"); 
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run("Convert to Mask"); 

run("Distance Map"); 

run("Enhance Local Contrast (CLAHE)", "blocksize=127 histogram=256 maximum=3 

mask=*None* fast_(less_accurate)"); 

run("Find Maxima...", "prominence=6 output=[Maxima Within Tolerance]"); 

run("Erode"); 

rename("cell corner"); 

 

 

//lamella 

selectWindow("C1-contour cellule"); 

setThreshold(1, 65600); 

run("Convert to Mask"); 

imageCalculator("Subtract create", "C1-contour cellule","cell corner"); 

selectWindow("Result of C1-contour cellule"); 

rename("lamelle moyenne"); 

 

 

//cell wall 

imageCalculator("Subtract create", "Result of Result of C1-masque","lamelle moyenne"); 

imageCalculator("Subtract create", "Result of Result of Result of C1-masque","cell corner"); 

selectWindow("Result of Result of Result of Result of C1-masque"); 

setThreshold(1, 65600); 

run("Convert to Mask"); 

rename("parois"); 
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close("C1-contour cellule"); 

close("C1-paroi"); 

close("Result of Result of Result of C1-masque"); 

close("Result of Result of C1-masque"); 

 

 

 

//////////////// convert binay mask into 0-1 operators 

selectWindow("lamelle moyenne"); 

run("Divide...", "value=255"); 

selectWindow("parois"); 

run("Divide...", "value=255"); 

selectWindow("cell corner"); 

run("Divide...", "value=255"); 

 

/////////////////////////////////calculations for H///////////////////////////////// 

 

imageCalculator("Multiply create 32-bit", "parois","C2-image"); 

selectWindow("Result of parois"); 

setAutoThreshold("Default dark"); 

 

setThreshold(10, 65600); 

run("NaN Background"); 
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rename("parois H"); 

run("Green"); 

imageCalculator("Multiply create 32-bit", "C2-image","cell corner"); 

setAutoThreshold("Default dark"); 

 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("cell corner H"); 

imageCalculator("Multiply create 32-bit", "C2-image","lamelle moyenne"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("LM H"); 

 

 

/////////////////////////////////calculations for G///////////////////////////////// 

 

imageCalculator("Multiply create 32-bit", "C3-image","parois"); 

selectWindow("Result of C3-image"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("paroi G"); 

 

imageCalculator("Multiply create 32-bit", "C3-image","lamelle moyenne"); 
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selectWindow("Result of C3-image"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("LM G"); 

 

imageCalculator("Multiply create 32-bit", "C3-image","cell corner"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("cell corner G"); 

 

 

/////////////////////////////////calculations for S///////////////////////////////// 

 

imageCalculator("Multiply create 32-bit", "C4-image","parois"); 

selectWindow("Result of C4-image"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("paroi S"); 

 

imageCalculator("Multiply create 32-bit", "C4-image","lamelle moyenne"); 

selectWindow("Result of C4-image"); 

setAutoThreshold("Default dark"); 
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setThreshold(10, 65600); 

run("NaN Background"); 

rename("LM S"); 

 

imageCalculator("Multiply create 32-bit", "C4-image","cell corner"); 

setAutoThreshold("Default dark"); 

setThreshold(10, 65600); 

run("NaN Background"); 

rename("cell corner S"); 

 

///////////////////////////////// measurements ///////////////////////////////// 

 

run("Clear Results"); 

selectWindow("parois H"); 

run("Measure"); 

run("RGB Color"); 

selectWindow("LM H"); 

run("Measure"); 

run("RGB Color"); 

selectWindow("cell corner H"); 

run("Measure"); 

run("RGB Color"); 

selectWindow("paroi G"); 

run("Measure"); 

run("RGB Color"); 
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selectWindow("LM G"); 

run("Measure"); 

run("RGB Color"); 

selectWindow("cell corner G"); 

run("Measure"); 

run("RGB Color"); 

selectWindow("paroi S"); 

run("Measure"); 

run("RGB Color"); 

selectWindow("LM S"); 

run("Measure"); 

run("RGB Color"); 

selectWindow("cell corner S"); 

run("Measure"); 

run("RGB Color"); 

 

 

/////////////////////////////////final montage///////////////////////////////// 

 

close("cell corner"); 

close("parois"); 

close("lamelle moyenne"); 

close("C1-image"); 

close("C2-image"); 

close("C3-image"); 
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close("C4-image"); 

run("Concatenate...", "open image1=[parois H] image2=[LM H] image3=[cell corner H] 

image4=[paroi G] image5=[LM G] image6=[cell corner G] image7=[paroi S] image8=[LM S] 

image9=[cell corner S]"); 

run("Make Montage...", "columns=3 rows=3 scale=0.5 "); 

selectWindow("Montage"); 

rename(temp); 

run("Enhance Contrast", "saturated=0.35"); 

Supplemental Figure S1. Bioorthogonal lignin triple (H*, G*, and S*) labelling in WT 
Arabidopsis floral stems. 

Supplemental dataset provided at http://doi.org/10.5281/zenodo.4809980 This dataset 

contains:  

- the algorithm with graphical user interface for imageJ and its installation procedure 

("Cell_Wall_Segmentation" and "Cell_Wall_SegmentationTutorial")  

- a folder comprising a classifier and a dataset compatible with the machine learning 

part of the algorithm: "data and classifier for weka"   

- representative images adapted for testing: “representative images”  

- the macro corresponding to the parametric segmentation procedure (see imageJ 

documentation for installation instructions): “parametric_segmentation”  

     

http://doi.org/10.5281/zenodo.4809980
http://doi.org/10.5281/zenodo.4809980
http://doi.org/10.5281/zenodo.4809980
http://doi.org/10.5281/zenodo.4809980
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Supplemental Figure S2. UV lignin autofluorescence and bioorthogonal lignin triple (H*, 
G*, and S*) labelling in Arabidopsis WT and prx64 mutant floral stems 
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Supplemental Figure S3. Comparison of monolignol reporter incorporation profiles in WT 
and prx64 mutant Arabidopsis stem fiber cell walls. 

 

Supplemental Figure S3. Comparison of monolignol reporter incorporation profiles 

in WT and prx64 mutant Arabidopsis stem fiber cell walls. A) Relative distribution of 

H*, G* and S* reporters incorporated into different fiber cell wall zones in Y (young), 

M (medium) and O (old) stem cross sections analyzed by ratiometric method 1 (RM1), 

CC = cell corner, CML = compound middle lamella, SCW = secondary cell wall; 

figures represent the percentage of total H*, G* and S* signal incorporated into the 

different wall zones, Values marked with * indicate significantly different values 

(Students Ttest, p-value = 0.05)  between WT and mutant plants for a given stem 

height (Y, M, O).  B) Relative contribution of all reporters to total signal in the cell 

corner (CC) analyzed by ratiometric method 2 (RM2); figures represent the 

percentage contribution of each reporter’s signal to the total signal intensity in 

different cell wall zones. Values marked with * indicate significantly different values 

(Students T-test, p-value = 0.05) between WT and mutant plants for a given stem 

height (Y, M, O).   
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Supplemental Figure S4. Automatic segmentation of cell wall zones in flax stem tissues 
showing relative distribution of lignin and NCP reporters. 
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Paper II : Application of plant cell wall segmentation to safranin-O staining 

The implementation of the REPRISAL segmentation technique on the images obtained after 

triple labelling gives access to subcellular information and allowed us to identify different 

patterns of monolignol reporter incorporation depending on developmental stage and/or 

mutation-related events. However, while this strategy provides detailed information on the 

potential of cell walls to undergo lignification, it does not inform us about the total amount of 

lignins present in the different cell wall layers (reporters are only poorly/not incorporated into 

already lignified walls).    

It is therefore important to be able to quantify the lignins in the wall. Our choice was to use a 

technique based on safranin-O fluorescence recently developed at the UGSF (Baldacci-Cresp 

et al., 2020). This approach allows us to obtain semi-quantitative spatial information on the 

amount of lignins in the walls. In the following chapter we demonstrate how the segmentation 

and ratiometric approach previously developed can also be successfully applied to the 

determination of lignins content by safranin-O staining in the stems of wild type and mutant  

thaliana plants. Two different mututants was used, prx72, a class III peroxidase involved in 

lignification (Herrero et al., 2013) and (GAUT1) gaut9 (Galacturonosyltransferase 9), an α1,4-

D-galacturonosyltransferase (Caffall et al., 2009)  with a decrease of GalA.  

The advantage of using the same image processing approach is that it allows the association of 

results obtained by the two methods, thereby providing complementary spatial information 

about lignification.  

Personal contribution : For this article I realized the experiments, adapted the plug-in with the 

help of Dr. Corentin Spriet and participated to the writing with all the co-authors. 
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Morel, O., Spriet, C., Lion, C., Baldacci-Cresp, F., Pontier, G., Baucher, M., Biot, C., Hawkins, 

S., & Neutelings, G. (2023). Ratiometric Fluorescent safranin-O Staining Allows the 

Quantification of  Contents In Muro. Methods in Molecular Biology (Clifton, N.J.), 2566, 

261–268. https://doi.org/10.1007/978-1-0716-2675-7_21/COVER 

  

https://doi.org/10.1007/978-1-0716-2675-7_21/COVER
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Paper III : Adaptation of Raman spectra analysis 

Raman spectrometry is a powerful tool for the molecular analysis of plant walls. In the analyzed 

spectra, it is easy to have information on the dominant molecules thanks to the region of the 

spectrum corresponding to a major characteristic vibration. This is the case for ligninlignins, 

whose vibration at 1600 cm-1 is characteristic of the phenylpropanoid cycle, and carbohydrates 

with a vibration at 1080 cm-1. We wanted to be able to identify in more detail the molecules 

present in the samples and to distinguish the different polysaccharides, and more specifically, 

different hemicellulose. For this, we used and compared several methods of spectrum analysis. 

The results obtained are presented in the following article presently in press. 

 

Personal contribution : For this article I participated in the experiments and the analysis, and 

participated in the writing of the article. 
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Morel, O., & Gierlinger, N. (2023). Chemical tissue heterogeneity of young Arabidopsis stems 

revealed by Raman imaging combined with multivariate data analysis. Microchemical 

Journal.( pre proof) 
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SUPPLEMENTARY INFORMATION 

 
Figure. S1: A Residuals of“true component analysis”  shown in Figure 1 and B) Combined 

Raman image of true component analysis in comparison to C) the combined Raman image 

based on cluster analysis  

 

 

 

 

 

 

Figure. S2: A Residuals of basis analysis  shown in Figure 5 
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Figure. S3: Carbohydrate reference spectra used in mixture analysis: 1) cellulose parallel to 

laser polarisation, 2) cellulose perpendicular to laser polarisation, 3) Xyloglucan (tamarind), 

4) 4-O-Methyl-D-glucurono-D-xylan, 5) Arabinoxylan, 6) Glucomannan 
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Multimodal analysis of the impact of hemicellulose matrix modification on 
lignins polymers in the Arabidopsis thaliana irx9-2 mutant. 

 

With the three previous articles, we have adapted and/or developed powerful imaging methods 

enabling us to visualize the dynamics of lignification in plants. In this section we use these 

techniques to see whether lignification is affected by a modification of the polysaccharide 

matrix. For this, we have used the Arabidopsis thaliana irx9-2 mutant, involved in 

hemicellulose xylan synthesis. The results presented will be submitted to a journal once the 

final version of the paper is written. 

Introduction 

With an estimated 450 Gt of carbon, plants represent 82% of the planet's biomass. Most of this 

biomass consists of plant cell wall polymers: cellulose, lignins, hemicelluloses, pectins and 

proteins. The lignins polymer is essential to plant life and plays a central role in many different 

physiological processes, including growth, reproduction, and defence. The amount and 

composition of lignins affects the "quality" of many plant resources, including wood, paper, 

and textiles. This polymer impacts the recalcitrance of lignocellulosic biomass during biofuel 

production, and, in biorefineries, it is the feedstock to produce many different chemical 

synthons (Wenger et al., 2020). Because plant cell walls are an important sink for atmospheric 

carbon, the lignins polymer also contributes to climate change, particularly in long-lived forest 

tree species. Given the importance of lignins, it is not surprising that the biosynthesis and 

deposition of this polymer in the plant cell wall has been the focus of intense research efforts 

by scientists and industry. We currently have a relatively clear idea of its chemical/physical 

structure and the genes/enzymes involved in the biosynthesis and polymerization of lignins 

monomers (monolignols). Nevertheless, other factors also affect lignification, for example, we 

know that lignification is developmentally coordinated with the formation of other cell wall 

polymers and that it cannot occur without the prior deposition of polysaccharides. However, 

there is no systematic understanding of how the amount, composition, and organization of cell 

wall polysaccharides (CWPs) affect lignification. This lack of understanding can be attributed 

to two main reasons: 1. Analyses of cell wall composition in CWP mutants are very often 
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limited to the effect on CWPs, lignins is not analyzed since the goal is to confirm the role of 

the targeted gene. 2. Analyses are very often limited to "destructive" chemical and/or physical 

techniques leading to the loss of detailed spatial information and to a simplified view of the 

effect of the mutation on the biology of the cell wall.  

The cell wall structure (polymer composition and organization) can be characterized by a wide 

variety of chemical and physical techniques that can be grouped into two main types: 

"destructive" and "non-destructive". In destructive techniques, plant material is crushed and a 

cell wall residue is extracted for analysis. Although this approach provides quantitative data, it 

often masks more subtle, cell-specific differences and results in an incomplete understanding 

of the biological process. In contrast, non-destructive techniques preserve the structural 

integrity of cells/tissues, providing spatial information about the structure and organization of 

the wall at the cellular level. The biological value of using such a non-destructive technique 

was recently demonstrated in the Arabidopsis lac4/lac17 double laccase mutant (Baldacci-

Cresp et al. 2020). Previous destructive characterization of the mutant indicated a 30-40% 

reduction in lignins content in stem compared to WT plants with Klason method. However, 

analyses using a non-destructive imaging approach revealed that while the cell walls of the 

interfascicular fibers of the mutants were less lignified, the cell walls of the xylem vessels had 

higher levels of lignins, demonstrating the existence of cell-specific phenotypes. 

Several studies show that CWP amounts/structures affect lignification, for example, lignins 

deposition is not observed without prior polysaccharide deposition (Taylor et al., 1992) , and 

ectopic lignification has been observed in Arabidopsis cellulose synthase mutants containing 

reduced cellulose levels in the cell walls (Caño-Delgado et al., 2003)  

We therefore decided to explore the irx9-2 mutant to identify possible impacts on lignification 

of the polysaccharide matrix modification. This Arabidopsis irx9-2 hemicellulose mutant 

targets the gene encoding a GT43 -1,4 xylosyltransferase. This mutant is characterized by a 

dwarf phenotype, an irregular xylem (IRX) phenotype, reduced cell wall thickness and a 70% 

decrease in glucuronoxylan conten (Peña et al., 2007) However, no information on the lignins 

content is available. We used several methods to investigate this mutant. For all the methods, 

the analysis was performed on three sections of the plant stem. The three sections allow to have 

different stages of development, a young part, a medium part and an old part and thus to have 

information on the dynamics of the wall development during the plant maturation. First a 
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transcriptional analysis was performed to confirm the mutation and to look for transcriptional 

changes of some genes known to be involved in lignification. The wall components were 

analyzed using Raman vibrational spectroscopy. To get more information on the amount of 

lignins the safranin-O staining was used. The incorporation of monolignols in the wall was 

studied using the triple labelling technique.  

 Material and methods 

plant material 

The plants studied were derived from Arabidopsis thaliana seeds (wt and irx9-2 mutant, 

SALK_057033C, AT2G37090, N656523). Before their culture, they were stratified 72 h at 4°C 

in the dark. Their culture was done in a growth chamber under 12 h of light (light intensity of 

100 Photosynthetic Active Radiation) at 22 °C and 12 h of darkness at 20 °C for 6 weeks. After 

6 weeks, the photoperiod was changed to 16 h of light, 8 h of darkness. Plants were collected 

at 30 cm for WT and 15 cm for irx9 mutant (1 weeks) 

Different samples were taken from the stems at a pre-mature stage: in the upper part, which 

corresponds to a young developmental stage of the plant, in the middle of the stem, which 

corresponds to an intermediate stage, and in the lower part, which corresponds to an old stage. 

Since the irx9-2 mutant has a dwarf phenotype (stem of about 18 cm), the distance between the 

samples from the apex was adapted for the WT (stem of about 30 cm). Thus, in the mutant, the 

three samples were taken at 12.5, 7.5 and 1 cm from bottom respectively and for the WT at 23, 

15 and 1 cm from bottom. These sections were chosen so as to be comparable.  

The same strategy for sample collection was applied for Raman microscopy, click chemistry 

and RT-qPCR for easier comparison. 

 

 

 

 

Raman acquisition:  



139 

 

 

To perform the Raman acquisition, we followed the previously described protocol (Morel & 

Gierlinger, 2023) and it was applied to the different sections. Each sample was cut with 

cryocutting to obtain 3 sections of 10 µm thickness. 

Raman images were acquired using a confocal Raman (alpha300RA, WITec GmbH, Germany) 

with a 100 × oil immersion objective (NA 1.4 with 0.17 mm coverslip correction) (Carl Zeiss, 

Germany). The selected areas contained interfascicular fibers. The Raman signal was obtained 

after excitation at 532 nm by a linearly polarized laser set at 40 mW. The detection of the signal 

was done with an optical multifiber (50 μm diameter) associated with a UHTS300 spectrometer 

(WITec) (600 gmm -1 array) and a CCD camera (Andor DU401 BV, Belfast, Northern Ireland).  

The acquisition software Control FIVE (WITec) was used for the experimental setup. Spectral 

data were obtained by scanning the slice in 0.3 µm steps with an integration time of 0.05 s. 

Spectrum processing and data analysis was done using the FIVE Plus project software 

(WITec). The spectra were cut at 100 cm-1, then the cosmic rays were removed, and the 

baseline corrected (polynomial method with sections cut between 730 and 1794 cm-1 and 

between 2686 cm-1 and 3609 cm-1). The cut-offs for the baseline correction corresponded to 

the part of the spectrum with pronounced peaks depending on the wall layer. By removing this 

part, we removed the inconsistency of correction by promoting the linear part of the spectrum. 

The analysis of the spectrum is done between 300cm-1 and 1800 cm-1. The part of the spectrum 

after 1800 cm-1 was removed from the analysis to limit the impact of focus difference. Then, 

spectra have been extracted from reference spectra to allow a localization of the compounds 

searched as described in (Morel et al., 2023) 

 

Bioorthogonal lignins labelling: 

To perform the triple bioorthogonal labelling of monolignols, we followed the previously 

described protocol (Simon et al, 2018). The protocol was applied to the different sections. Each 

sampleswas cut with a vibratome to obtain 10 sections of 80 µm thickness that were incubated 

in 300 µL of ½ MS containing 5 mM of H*, S* and G or natural (i.e. not modified by the 

addition of a tag) monolignols for control. The whole was placed 20 h at 21°C.  After 

incubation, 4 successive rinses were performed with ½ MS before labelling with fluorophores 

via three successive bioorthogonal reactions, IEDDA for S*, SPAAC for H* and CuAAC for 
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G*. Each reaction allows the association of a different fluorophore, Tetrazine Cy5 (Jena 

Bioscience, Jena, Germany), Azide Fluor 545 (Sigma- Aldrich, Saint Louis, Missouri, USA) 

and alexa fluor 488 (Jena Bioscience, Jena, Germany). Each reaction was run in 300 µL of ½ 

MS for 1 h in the dark. Samples were rinsed 4 times with ½ MS for 10 min between each 

reaction. After the final reaction, the samples were rinsed, first 2 times with ½ MS 10 minutes 

and then 1 h with 70% MeOH to completely remove any remaining free fluorophore. A new 

wash was performed with distilled water 2 times 10 minutes to remove MeOH. 

safranin-O coloration:  

For safranin-O coloration, we used samples of the same stem and same cutting process as for 

bio-orthogonal labelling. After cutting, sections are placed in ethanol 50% and at 4°C until use. 

To perform the staining, the sections were placed in 0.2% safranin-O diluted in a 50% ethanol 

solution and incubated for 10 minutes in the dark under agitation. The safranin-O solution was 

washed for 10 minutes with 50% ethanol in the dark and then 15 minutes with ultrapure water. 

The sections were mounted between slide and coverslip in water. 

 

Confocal microscopy 

For bio-orthogonal sample, image acquisitions were performed as previously described (Morel 

et al, 2021). Images from three independent biological replicates for each genotype and tissue 

were acquired. A Nikon A1R confocal equipped with a 60_/1.4 aperture oil immersion 

objective (Plan APO VC) and the NIS Element AR version 3.0 software was used (Nikon, 

Tokyo, Japan). Acquisitions were performed on 3 channels corresponding to 1) H* units (λ_ex: 

488, λ _em: 525/550); 2) G* units (λ _ex: 561, λ _em: 595/650); and 3) S* units (λ _ex: 561, λ 

_em: 700/775). Laser intensity and detectors gains are adjusted to ensure optimal signal-to-

noise-ratio while avoiding photobleaching. 

For safranin sample : Image acquisitions were performed as previously described (Morel et al., 

2023). Microscope was the same than for bio-orthogonal sample. Acquisitions were performed 

on 3 channels, lignins autofluorescence (λ_ex: 405, λ _em: 450/500), green channel (λ_ex: 488, 

λ _em: 530/560) and red channel (λ_ex: 561, λ _em: 570/600). 
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Segmentation: 

Segmentation was performed as previously described (Morel et al, 2021) with the REPRISAL 

method for biorthogonal labelling and with method described in (Morel et al., 2023) for 

safranin-O. 
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RT-qPCR: 

Thre biological repetitions were collected for each genotype. Each biological repetition 

included three plants. Plant material was stored at -80 °C. 

RNA extraction and purification 

We used the TRI REAGENT for the RNA extraction (Molecular research Center, INC, Ohio, 

USA). We purified RNA samples on spin columns (RNasy Plant min kit, Qiagen, Valencia, 

CA). Concentration and quality of RNA were evaluated by the spectrophotometric method. 

Samples were treated by DNaseI (DNA-free Kit, Ambion), and used as template in the reverse 

transcription reaction (iScript Reverse Transcription Supermix for RT-qPCR, Bio-Rad, Inc., 

Hercules, CA, USA). Each reaction of the cDNA synthesis was accompanied by no reverse 

transcriptase control (NRT).  

qPCR 

We evaluated the expression level of genes that are involved in cell wall metabolism (Table 1).  

Table 1 – Arabidopsis gene list for the expression study. Genome obtained from A.thaliana 

TAIR 10 

No Gene ID GENE DESCRIPTION Gene name 

1 AT2G38080  ARABIDOPSIS LACCASE-LIKE MULTICOPPER OXIDASE 4 LAC4 

2 AT5G60020   LACCASE 17 LAC17 

3 AT5G42180 PEROXIDASE 64 PRX64 

4 AT5G64120 PEROXIDASE 71 PRX71 

5 AT5G66390 PEROXIDASE 72 PRX72 

6 AT1G64060 RESPIRATORY BURST OXIDASE PROTEIN F RBOHF 

7 AT1G15950 CINNAMOYL COA REDUCTASE 1 CCR1 

8 AT1G80820 CINNAMOYL COA REDUCTASE ISOFORM CCR2 

9 AT3G19450 CINNAMYL ALCOHOL DEHYDROGENASE 1 CAD1 

10 AT4G34230 CINNAMYL ALCOHOL DEHYDROGENASE 5 CAD5 

11 AT2G37090 
IRREGULAR XYLEM 9, A PUTATIVE FAMILY 43 GLYCOSYL 

TRANSFERASE;  
IRX9-2 

12 AT3G23820 
UDP-D-GLUCURONATE 4-EPIMERASE INVOLVED IN PECTIN 

BIOSYNTHESIS 
GAE6-2 

13 AT5G05170 CELLULOSE SYNTHASE A3 CESA3 

14 AT5G44030 CELLULOSE SYNTHASE A4 CESA4 

15 AT1G13320 
THE 65 KDA REGULATORY SUBUNIT OF PROTEIN 

PHOSPHATASE 2A  
PP2AA3 

16 AT5G25760 UBIQUITIN-CONJUGATING ENZYME 21 PEROXIN4 
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We used the iQ SYBR Green Supermix (Bio-Rad) for qPCR. The final volume of PCR mix 

was 20 µL, concentration of forward and revers primers was 0.4 µM. 

 

Results 

 

RT-qPCR

 

Figure 28 : Relative (to the reference genes and to the wild type plant samples) expression level of the 

studied genes. Colors indicate the three different parts of the stem analyzed. See Table 1 for gene 

description. 

 

First, we verified that the irx9-2 mutant studied under-expressed the corresponding gene 

(IRX9). For the expression of the IRX9 gene, it is under expressed in the three different parts 

of the stem. Among the test genes, we notice that the expression of PRX71 is different from 

that of WT in the irx9-2 mutant, which has an altered cell wall, we note that the expression of 

the gene is strongest in the upper parts of the plant and progressively decreases to WT-levels 
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in the lower part of the stem. Another gene whose expression is modified is CCR2. We notice 

that it has the same expression profile as PRX71. In the upper part of the plant, the expression 

level is higher in the mutant than in the WT. The expression then decreases progressively to 

reach an expression like that of the WT. The expression of CCR1 in the mutant is not different 

from that in the WT. Expression of the other genes are similar in WT and mutant. (Figure 28).  
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Modification of the polysaccharide matrix 

For the analysis we have chosen to use BIOMANI’s own spectrum database. When looking at 

the spectral images after processing, for the upper part (Figure 29Y), all molecules are 

detectable (cellulose, glucomannan, arabinoxylan and xyloglucan).  

For the middle part, this time arabinoxylan is detectable (Figure 29 M), in smaller amounts 

than WT, but xyloglucan (Figure 29) is not detectable. 

For the basal part of the plant, we notice an absence of detection of arabinoxylan and 

xyloglucan (Figure 29 O).

 

Figure 29 : Spectral image of the upper (Y), middle (M), and lower (O) part of Arabidopsis.thaliana interfacicular 

fibers cells   cellulose: 2 different microfibril orientations, GM : glucomannan ; AX : arabinoxylan ; XyG : 

xyloglucan. WT (left) and mutant (right). 
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Impact on lignification 

We could see in the previous part that the mutation causes a change in the hemicellulose 

composition and could have an impact on the lignification, that is why the quantity of lignins 

was studied with the safranin-O technique and the quality of lignins by Raman spectroscopy. 

 

 Figure 30 : Study of lignins with safranin coloration on irx9-2 mutant and WT.  A) segmentation example 

of medium stem region, B) safranin ratio in all of cell wall, secondary cell wall (SCW), compound middle lamella 

(CML) and cell corner (CC) for young (Y), medium (M) and old (O) parts. Statistics: t-test *<0.5 ; **<0.1 ; 

***<0.001 

First, we analysed cell wall with safranin coloration. This staining allows us to have a global 

view of the quantity of lignins present in the cell wall. Application of the safranin-O method to 
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the interfascicular fibers of the irx9-2 mutant showed that, for the upper part of the plant, there 

is less lignins in the mutant compared to the WT regardless of the sublayer considered (Figure 

30 B-Y). When the cells are older, in the middle of the stem (Figure 30 B-M), the decrease is 

restricted to the middle lamella and for the oldest lower part (Figure 30 B-O)., there is no 

significant difference anymore. The impact of the mutation is thus more pronounced in the 

younger parts of the plant and attenuated in the older parts.  

 

In a second time, we used Raman spectroscopy to have more information about distribution of 

G and S lignins. For Raman analysis,  when we look at the distribution pattern of predominantly 

G lignins (Erreur ! Source du renvoi introuvable.-2) and predominantly S lignins (Erreur ! 

Source du renvoi introuvable.-3), we notice that for the top part, the mutant shows 

predominantly S lignins mainly in the cell corners whereas for the WT, the detection is also 

done in the rest of the wall.  

For the medium part (Erreur ! Source du renvoi introuvable. Medium), the spectral images 

do not differ between the WT and the mutant. For the aged part (Erreur ! Source du renvoi 

introuvable. old), if we look at the composite image for bottom part, (Erreur ! Source du 

renvoi introuvable. bottom 1), we notice that the CML and CC part has a more pronounced G 

lignins in the WT than in the mutant. from the SCW. 

 

. 
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Figure 31 : Spectral images of sections of young (Y), medium (M) and old (O) parts on WT 

and irx9-2 for lignins. (1) the composite image, (2) lignins rich in G units and (3) in S units 
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Monolignol incorporation 

For the analysis of the incorporation capacity of the H*, G* and S* reporters corresponding to 

the 3 monolignols, the REPRISAL (REPorter Ratiometrics Integrating Segmentation for 

Analyzing Lignification) method was used (Morel et al., 2022) on the three developmental 

stages (young, medium  and old) on the mutant and the WT (Figure 32). When looking at the  

fluorescence intensities in the young parts of the stem, the mutant has a higher incorporation 

capacity than the WT for H* and G* regardless of the sublayer analysed (Figure 32 Y), less 

incorporation for H*, more incorporation of G* in CC in medium part (Figure 32 M) and less 

incorporation of H* and G* in SGW but more incorporation of S* in SCW and CLM ((Figure 

32 O).  
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Figure 32 : Measurement of fluorescence intensity for triple monolignol labelling on Arabidopsis thaliana WT 

and irx9-2. The three different stages were analysed for the incorporation of H*, G* and S*. H* is labeled by 

Alexa fluor 488, G* by Azide Fluor 545, S* by Tetrazine Cy5. Statistics: t-test *<0.5 ; **<0.1 ; ***<0.001 

Like in Morel et al (2022), we calculated two different ratios. The ratio comparing the 

distribution of a reporter in different sublayers is R1 and the ratio values of monolignols in a 

sublayer is R2. R1 is identical between the mutant and the WT for the young part, showing that 

the increase in incorporation is homogeneous in the different sublayers (Figure 33 R1 Y). For 
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medium part (Figure 33 R1 M), it has difference in SCW and CC for G* an in CML and CC 

for S*. For old part (Figure 33 R1 O), it has difference in SCW and CML for G* and SCW, 

CML and CC for S* in old part. However, the ratio values of monolignols in a sublayer (R2) 

are different in young part for G and S* in SCW; for H*, G*, S* in CML and H* in CC. (Figure 

33 R2 y).  In medium part, it has differences for H* and G* for the 3 sublayers (Figure 33 R2 

M). In the old part, it has difference in H* in the 3 sublayer and G* in CC (Figure 33 R2 O). 

For the combined analyses of intensity measurements and ratios, we can see that, for the 

secondary wall, there is an increase for G*, while for H* it decreases, meaning that the increase 

of incorporation in G* in the secondary wall is more important than the increase of 

incorporation of H*. In the middle part, the incorporation profile changes in comparison to that 

of the young part. This time, there is a decrease in the incorporation capacity of H* in all 

sublayers. For G*, there remains only an increase in the cell corners. For the R1 ratio, there are 

differences for S * in the different sublayers, although there is no significant difference in 

intensity alone. Thus, there appears to be the beginning of a change, but it is not detectable at 

this stage of development. For the basal part, there is a decrease in the ability to incorporate 

H* in all sublayers and a decrease in G* in the secondary wall. There is also an increase for S* 

in the secondary wall and the middle lamella. 
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Figure 33 : Ratiometric method of analysis of the triple bioorthogonal labelling on the 3 stages of development, 

young (Y), medium (M) and old (O). R1 comparing the distribution of a reporter (H*, G* and S*) in different 

sublayers (SCW, CML and CC) and R2 the ratio values of monolignols in one sublayer.  
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Discussion 

 

The results obtained show that the capacities of the cell wall to incorporate the different 

monolignol reporters change during the growth of the mutant in comparison with the WT, and 

this according to the monolignol studied. At the beginning of growth, safranin-O coloration 

shows less lignins in the mutant compared to the WT and Raman spectroscopy shows a 

modification in the deposition pattern for S-lignin. . These two complementary results suggest 

a delay in the activation of lignins deposition in the wall, possibly related to modifications in 

the structure of other wall polymers that do not allow an optimal binding with lignins. 

According to the literature, lignins binds covalently to hemicelluloses 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 their β-carbon) by nucleophilic addition at the α-position of nucleophilic 

groups of xylan and mannan (Mottiar et al., 2016). Thus, the binding between lignins and 

hemicelluloses can occur with either xylans or mannans. The Raman spectra show that the 

amount of arabinoxylan decreases in the mutant compared to WT, but not glucomanan. It is 

therefore possible that there is not enough xylan to make the bonds at the beginning of lignins 

deposition, which would explain the decrease in the amount of lignins at the beginning of 

growth for the mutant. The plant could try to compensate for this loss of lignification by 

increasing the capacity of H and G incorporation, as shown by triple labelling. To better 

understand the possible underlying biological mechanisms, the expressions (at the three 

developmental stages) of different genes were determined by (RT-qPCR) in the laboratory by 

a postdoctoral researcher (Dmitry Galinousky). These results showed that in the irx9-2 mutant, 

which has an altered wall, the expression of PRX71 is stronger in the upper part of the plant 

and progressively decreases to reach an expression comparable to that of the WT at the bottom 

of the stem. PRX71 has been shown to play a role in lignification (Shigeto et al., 2013). It is 

thought to be involved in plant growth and in the response to wall damage and is thought to 

contribute to cell wall reinforcement, thereby limiting cell expansion, during normal growth 

and in response to cell wall damage (Raggi et al., 2015). With regards to the other genes tested, 

the expressions of CESA3 (primary cell wall) and CESA4 (secondary cell wall) don’t change. 

This suggests that there is no change in cellulose synthesis. This hypothesis is confirmed with 
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Raman analysis. For pectin synthesis, GAE6 expression doesn’t change suggesting no effect 

on pectin synthesis, but it needs to be confirmed by other pectin gene analyses. For monolignol 

biosynthesis genes, there is no change in the expression of CAD1, CAD5 and CCR1, but the 

expression of CCR2 increases. CCR2 is involved in the phenylproponoid biosynthesis pathway 

especially during infection by pathogens whereas CCR1 is involved in normal growth 

conditions (Fraser & Chapple, 2011).  The plant thus seems to put in place mechanisms like 

those put in place during protection against pathogens. So it may be that the modification of 

hemicellulose structure induced this defense-related CCR, possibly contributing to an increase 

in monolignol supply related to the increased lignification in the young part of the stem. 

 

In this context, it is possible that the mutant sets up defence mechanisms to strengthen the 

walls. It would increase the capacity to incorporate H and G units to reinforce lignins,. When 

the cells are sufficiently reinforced, the expression of PRX71 decreases, leading to a decrease 

in the incorporation of monolignols. The hypothesis of the activation of a defence system 

agrees with the increase in the expression of the CCR2 gene. This gene is involved in the 

response to pathogens (Lauvergeat et al., 2001) and has already been shown to be 

overexpressed in the irx8 mutant (Hao & Mohnen, 2014). 
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 Conclusion 

All these results allow a better understanding of the dynamics of the lignification process in 

the irx9 hemicellulose mutant and thus validate the relevance of this strategy using multiple 

approaches. The staining with safranin-O allows a semi-quantification of lignins with a 

localization of this one, information impossible to obtain by chemical methods. The addition 

of triple labelling allows the visualization of the dynamics of lignification and finally Raman 

spectroscopy allows to put this lignification process in the context of the plant wall and its 

different domains. The use of these three methods on the same developmental stages has shown 

that the dynamics of lignification is disturbed during the modification of the hemicelluloses of 

the wall. The lignins does not seem to be able to start making correctly covalent links with 

hemicellulose, potentially because there are not enough ferulate substituents because there are 

fewer xylans. The plant would therefore trigger a wall reinforcement mechanism by increasing 

the expression of PRX71 which increases the capacity of incorporation of H and G. When the 

cells are sufficiently reinforced, the plant decreases this defence mechanism as suggested by 

the progressive decrease of PRX71 expression and a decrease in the capacity of incorporation. 
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Discussion and perspectives  

Lignins and polysaccharides in the plant wall are linked by different interactions. Cellulose and 

lignins are bound by hydrophobic interactions, and hemicellulose is bound to lignins by bonds 

to ferulate substituents or by methide re-aromatization of the quinone. In this thesis, we have 

therefore explored the influence of the modification of different cell wall compound on the 

lignification process from a spatial point of view. To carry out this work, it was necessary to 

develop the approach to be used to extract as much information as possible on the spatial 

distribution of the elements studied. For this purpose, existing approaches were refined, such 

as triple bioorthogonal labelling to visualise the incorporation capacity of monolignols, 

safranin-O staining for the quantification of lignins and Raman spectroscopy for the detection 

of other components.  

Lignins investigation 

- Followed by the incorporation of monolignols by triple bio-orthogonal labelling. 

In the paper "REPRISAL: mapping lignification dynamics using chemistry, data segmentation, 

and ratiometric analysis", we developed an approach to extract data more efficiently from triple 

bio-orthogonal labelling. We have developed a segmentation approach allowing the automatic 

quantification of the fluorescence signal obtained by triple bioorthogonal labelling of lignins 

in different areas of the cell wall. The distribution of the pixels in the different classes, CC, 

CML and SCW, is determined by two methods, one parametric and the other based on AI. 

These two methods lead to the same biological conclusion despite their difference. We were 

able to successfully apply this method to a first arabidopisis mutant already characterised as 

involved in lignification, the prx64 mutant. This allowed us to confirm that this approach 

allows the visualisation of small variations in the lignification process and specially to have a 

spatio-temporal approach to the visualisation of monolignol incorporation. 

Here we explored bio-orthogonal chemistry to visualise the modification of monolignol 

incorporation in Arabidopsis thaliana mutants. Bioorthogonal chemistry can also be used to 

explore other processes in the plant, for example used the BONCAT (Bioorthogonal 

Noncanonical Amino Acid Tagging) (Glenn et al., 2017) technique to visualise protein 

production under mild stress. This technique consists in tagging the plant with an alanine 
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analogue comprising an azide tag. This tag is then clicked with a fluorophore to visualise 

protein production or clicked to beads to allow their extraction.  We could adapt this technique 

to identify for example modifications in laccase or peroxydases.  

It is also possible to use triple lignins labelling to monitor lignification during stress in plants 

that have been injured, This work is underway in my host laboratory (UGSF) (unpublished 

results). The work shows that during an injury, the incorporation capacity of monolignols 

changes in the vicinity of the injury, but also on the opposite side of stem of the injury. 

- Lignins quantification 

As with the triple labelling, the safranin-O stain was adapted to allow us to obtain information 

on different parts of the wall. safranin coloration has several advantages, it is semi-quantitative 

and therefore allows comparison between normal growth conditions and unusual conditions 

(mutation, stress) without destroying the structure of the cells 

- Global analysis of cell wall polymers by RAMAN spectroscopy 

We also optimised the analysis of the RAMAN spectra in order to extract the best possible 

information on the composition of cell walls. The different algorithms used showed 

complementary results, however, we were not able to get sufficiently pure composites. This is 

why we proceeded first to extract the average spectra and then to analyse these spectra with 

reference spectra. This allowed us to refine our results by differentiating between different 

hemicellulose (glucomannan, arabinoxylan, xyloglucan) and aromatic compounds. We were 

able to differentiate different hemicellulose. Thanks to this method, we can visualise the 

heterogeneity of the tissues.  

 In this work, we were interested in the detection of compounds without prior treatment 

of the sample. It is however possible to perform different treatments to help target a molecule 

or to increase the signal obtained.  When Raman spectroscopy was in its infancy, Resonance 

Raman labels were sometimes used to visualise biological functions (Carey, 1998). Since then, 

the sensitivity of the spectroscopes has improved significantly, but the reporters are still used. 

For example, there are new reporters that allow both fluorescence microscopy and Raman 

spectroscopy for lipid droplets (Lin et al., 2021). RAMAN labels have also been created to 

allow specific detection of molecules. This technique uses bioorthogonal chemistry to add nitril 

or alkyne labels associated with an surface enhanced  Raman scattering (SERS) to the molecule 
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being synthesised (Z. Zhao et al., 2017). We have started to investigate the possibility of 

monitoring bioothogonal labelling by RAMAN spectroscopy. We tried several monolignol 

analogue molecules. The first one used was the alkyne-tagged G-monolignol, previously used 

for some bioorthogonal labelling experiments. The triple bond has a characteristic peak in 

RAMAN between 2200 and 2000 cm-1, which is a blank area in the plant wall analysis. Despite 

the use of SERS to amplify the signal, we were unable to detect the labelled alkyne probably 

because the lignins signal is too strong and masks the triple bond peak.  Another approach was 

therefore considered. The new approach is to take inspiration from the triple labelling used in 

confocal fluorescence microscopy. A molecule of monolignol coniferyl alcohol with azide tag 

(Gaz ) is incorporated into the lignins and then a second molecule with a peak of interest 

(detectable in Raman) is clicked onto the incorporated Gaz. The first molecule tested is 

cinnamyl alcohol with a triple bond to allow the CuAAC reaction. Cinnamic alcohol is 

interesting because it has a peak with a strong signal at around 1000cm-1, which is also a blank 

area in the wall spectrum. Unfortunately, no peak at this value was found, probably for the 

same reason as for the first test. To continue, a non-aromatic molecule with a long carbon chain 

was chosen. The long carbon chain with an alternation of double bonds allows to have a 

reasoning of the bonds amplifying the signal. The molecule chosen was lutein. A molecule was 

then synthesised from lutein to add a triple bond to allow the CuAAC reaction to take place. 

With this molecule, we expected a peak at 1012 cm-1 . Traces of this peak could be detected, 

suggesting that the labelling was not specific. These results are encouraging as we were able 

to detect the lutein molecule in a spectrum containing a large proportion of lignins. 

 

This thesis has therefore made a technological contribution to the study of the plant cell wall. 

We will now look at the scientific contribution it has made by combining the three techniques. 

Different Arabidopsis thaliana mutants already known to have modifications in their walls, 

either in the lignins or in the polysaccharide matrix, were investigated.  

The thesis presents the results obtained for the irx9 mutant, a mutant known to have a 

modification in the length of its glucuronoxylans. The use of these three methods on the same 

developmental stages showed that the dynamics of lignification is disrupted by the 

modification of the wall hemicelluloses. Our hypothesis is that the lignins does not seem to be 

able to start its polymerisation properly, possibly because there are not enough ferulate 
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substituents because there are fewer xylans. And maybe, the plant therefore triggers a wall 

strengthening mechanism by increasing the expression of PRX71, which increases the capacity 

for H and G incorporation. When the cells are sufficiently reinforced, the plant decreases this 

defence mechanism as suggested by the progressive decrease in PRX71 expression and the 

decrease in incorporation capacity. 

The gae6 mutant (mutation on UDP-D-glucuronate-4-epimerase) was also studied, although 

the results are not presented here. Analysis of this mutant, characterised by a decrease in the 

amount of pectin (20%) (Bethke et al., 2016) also shows differences in the lignification process, 

mainly in the young part of the stem with a decrease in the capacity to incorporate monolignols 

this time, with an amount of lignins comparable to WT.  

These two mutants show that the polysaccharide matrix has an influence on lignification and 

on the incorporation capacity of monolignols. Depending on the modified polysaccharide, the 

effect on the dynamics of lignification is not the same.  

There are still many questions to be answered to understand all the mechanisms involved in 

the modification of lignification following a modification of the polysaccharide matrix. 

Different hypotheses can be proposed to explain this phenomenon. 

 

The modification would lead to:  

- a change in the production of monolignols. This hypothesis seems possible, since in the 

analysis of gene expression in the irx9 mutant, the expression of the gene coding for 

CCR2 , which is involved in the synthesis of monolignols under stress (Fraser & 

Chapple, 2011) is modified. Other monolignol biosynthesis pathway enzymes could 

also be explored. 

- A change in the mobility of monolignols. If monolignols access more or less easily to 

the wall, the enzymes responsible for lignification would be able to synthesize lignin 

more or less easily. 

- A change in the mobility of enzymes. The location of the enzymes responsible for 

lignification will determine the location of lignification. It was shown that LAC4 was 

mobile in the primary wall but, immobile in the secondary wall (Yi Chou et al., 2018). 

It could be that the mobility of the enzymes is altered and thus influences lignification. 
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- A change in the physico-chemical properties of the wall. This hypothesis could be 

explored by measuring, for example, the resistance of the stem or the pH of the wall 

using fluorophores that change their emission wavelength according to the pH. 

 

In this work, we were interested in the effect of hemicellulose modification on 

lignification. We can also consider applying Raman, safranine-O coloration, and REPRISAL 

to cellulose mutants to see how this modification influences lignification. It is already known 

that the lack of cellulose influences lignification. Work has shown that in cell culture of Zinnia 

elegans, in the presence of a cellulose synthesis inhibitor, lignification has a different 

distribution than the control (Taylor et al., 1992), but this work has been done on cell cultures. 

It would be interesting to visualize the dynamics of lignification on whole plant. Mutants could 

also be used. These could be knock out mutants of the 10 cellulose synthases known for 

Arabidopsis thaliana. CESA1, CESA2, CESA3, CESA5, CESA6, and CESA9 (McFarlane & 

Persson, 2014) are required for primary wall synthesis and CESA4, CESA7 and CESA8 for 

the secondary wall. It would therefore be interesting to study lignification for CESA mutant in 

the primary and secondary wall. In the study of the CESA6 mutant of Arabidopsis, it was 

shown that the lignins content did not change, despite the decrease in crystalline cellulose (Peng 

et al., 2001), we could with this mutant see if the non-functional CESA6 modifies the 

monolignol reporter incorporation capacity and if other molecules of the wall are affected. For 

the CESAs involved in secondary cell wall synthesis, it has been shown that knocking out these 

CESAs induces an irregular xylem phenotype, respectively called irx5, irx3(Taylor et al., 

2003)) and irx1(Taylor et al., 1999) It would be interesting here to see if the irx phenotype 

caused by a mutation on cellulose synthesis and not on hemicellulose synthesis has the same 

effect on lignification.  

 

We have seen that, depending on the growth stage of the Arabidopsis stem, the dynamics of 

lignification changes. We worked on a fast-growing model. We could continue the study over 

a longer period by using multi-annual plants, like pine. It is already known that the season 

influences lignification. In pine, it has been shown that lignins changes at each stage of 
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lignification depending on the wood type (Antonova et al., 2019). It would be interesting to 

look at whether this change is related to a change in other wall constituents. 
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