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Summary: Genetic and chemical genomic dissection of the cell adhesion mechanisms in plants 
 
Cell to cell adhesion in plants is mediated by the cell wall in which the components are cross-linked in 
order to create a continuum of polysaccharides linking the cells together. However the cell wall is a 
dynamic compartment that participates in growth and development through its constant loosening and 
remodeling and it is not very clear how cell adhesion is actually maintained in these conditions. In 
order to get a better understanding of the mechanisms that control cell adhesion in plants we used a 
combination of a forward genetic suppressor screen and a chemical genomic suppressor screen on the 
cell adhesion defective and pectin synthesis deficient mutants quasimodo1 and quasimodo2, and have 
isolated a number of suppressor mutants and molecules implicated in cell adhesion. The genetic screen 
led to the identification and study of a suppressor mutated in the gene ESMERALDA1, an 
uncharacterized putative O-fucosyltransferase. The genetic study of cell adhesion including another 
putative O-fucosyltransferase FRIABLE1 showed that the disruption of ESMD1 was sufficient to 
suppress the cell adhesion defect of qua1, qua2 and frb1, making it a major player of the pathway. The 
chemical genomic screen has revealed the implication of auxin transport and pectin methyl esterase 
activity in the process of cell adhesion. 
Based on these new information we have established a model explaining the loss of cell adhesion in 
the quasimodo and friable1 mutants, and from this model we have inferred the existence of the 
mechanisms that dynamically allow the maintenance of cell adhesion in plants during growth and 
development. 
 
 
 
Résumé: Dissection génétique et chemogénomique des mecanismes d’adhésion cellulaire chez les 
plantes 
 
L’adhésion cellulaire chez les plantes est permise par la présence de la paroi dont les composants sont 
réticulés afin de former un réseau de polysaccharides liant les cellules entre elles. Cependant, la paroi 
est un compartiment cellulaire dynamique qui participe à la croissance et au développement de la 
plante, notamment par son relâchement et sa réorganisation constante et nous ne savons pas 
exactement comment l'adhésion cellulaire est effectivement maintenue dans ces conditions. Afin 
d'obtenir une meilleure compréhension des mécanismes qui contrôlent l'adhésion cellulaire chez les 
plantes, nous avons utilisé une combinaison de crible génétique suppresseur et de crible 
chémogenomique suppresseur sur les mutants quasimodo1 et quasimodo2 présentant un défaut 
d'adhésion cellulaire accompagné d’une déficience de synthèse de pectine. Par ces approches nous 
avons pu isoler des mutants suppresseurs et des molécules chimiques impliquées dans l'adhésion 
cellulaire. Le crible génétique a conduit à l'identification et l'étude d'un suppresseur muté dans le gène 
ESMERALDA1, une O-fucosyltransférase putative non caractérisée. L'étude génétique du défaut 
d’adhésion cellulaire en incluant friable1, muté dans une autre O-fucosyltransférase putative, a montré 
que la mutation de ESMD1 était suffisante pour supprimer le défaut d'adhésion cellulaire de qua1, 
qua2 et frb1, ce qui en fait un acteur majeur de l’adhésion cellulaire. Le crible chemogenomic a 
montré l'implication du transport de l'auxine et de l'activité pectin méthylesterase dans le processus 
contrôlant l'adhésion cellulaire.  
Sur la base de ces nouvelles informations, nous avons établi un modèle qui explique la perte de 
l'adhésion cellulaire chez les mutants quasimodo et friable1, et à partir de ce modèle, nous avons pu 
déduire l'existence de mécanismes qui permettent le maintien de l'adhésion cellulaire de façon 
dynamique au cours de croissance et de développement chez les plantes. 
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Preamble: 

This chapter is the introduction of my thesis work. In the first part I review* the knowledge 

that has been accumulated over the years on the different aspects relating to cell adhesion in 

plants: Its origins and its evolution toward the cell adhesion that we witness in today’s land 

plants, the set up and the structural features that allow its maintenance, and the molecular 

mechanisms that dynamically control it. This bibliographic review mostly focuses on the 

fundamental understanding of the cell adhesion mechanisms in land plants and point out our 

lack of understanding of some of these aspects and the need to extend our knowledge on these 

questions. 

In the second part, I introduce the problematic that motivated my work and the project that we 

set up to experimentally explore our question and investigate on the mechanisms that control 

cell adhesion in plants.  

 

 

 

 

 

 

 

 

 

 

 

 

*The first part of this chapter is written as a review and is meant to be submitted for 

publication after reformatting and realization of original illustrations. Parts of the work 

presented in the other chapters of my thesis are also meant to be submitted for publication, 

and these publications should provide additional input to this review work. Thus this review 

may only be submitted after the acceptance for publication of these other publications and 

formatted consequently. 
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Part I:  

Origins, structural features and control of the cell adhesion in 
plants 
 

I) Introduction 
 

Most of the plants that we see around us in nature and the plants that we study in the lab or in 

the field, whether it is for fundamental research or breeding and improvement of agriculture, 

share the fundamental feature of being multicellular organisms. It is such a fundamental 

feature of a complex organism that we tend to forget how important it can be. From a unique 

cell, the ovule, and after fertilization by the sperm cells, the developing embryo and future 

organism develops through clonal division and growth of cells that remain attached to each 

other. Except for a few cases such as the pollen adhesion to the stigma (Swanson et al., 2004), 

the pollen tube growth through the transmitting tract of the pistil (Jauh and Lord, 1996) and 

the rare cases of post embryonic organs fusions for which cell adhesion takes place 

independently from cell division and with a cell from an originally distant tissue (organ 

fusion) and often different tissue (self pollination and intrusive growth) or different individual 

(cross pollination and graft union). For the large majority of the cells in plants however, cell 

to cell adhesion is set up at cell division during the formation of a new cell wall between two 

daughter cells. The plant then has to accommodate with the fact that the large majority of its 

cells are fixed and will keep the same neighbor cells throughout their life. The consequence of 

this is that the morphogenesis of the plant then only results from the spatial and temporal 

control of cell division and cell expansion. 

 

Although it may seem like after its set up, cell adhesion remains a very passive phenomenon, 

a number of crucial events in plant's development proves this wrong. Petal shedding, pod 

shatter, dehiscence, pollen release, root cap sloughing off, lateral root emergence... are all 

tightly controlled mechanisms of cell separation. And it is easy to realize that these events 

must be precisely controlled in order to trigger cell separation at a specific location and for a 

specific subset of cells at a specific time. In addition, one highly underestimated problem for 

the plant is to actually maintain cell adhesion in the rest of the plant during growth and 
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development, while the enzymes and mechanisms implicated in cell wall loosening necessary 

for cell expansion are the same as those implicated in cell separation. 

But this complex process of cell adhesion and the emergence of complex organisms, takes its 

origins at the onset of cell adhesion between unicellular organisms. The selective pressure that 

favored organisms with a larger size led to the emergence of cell adhesion. And cell to cell 

adhesion is such a favorable adaptation that multicellularity has evolved multiple times, and 

the mechanisms that mediate cell adhesion are diverse. 

 

In this review we focus on this type of cell adhesion that keeps the cells attached together 

after cell division and that ultimately turn a unicellular zygote into a complex multicellular 

plant. How did such a cell adhesion emerge? How is it set up? What are the structural 

components that hold the cells together? And finally how is the state of cell adhesion 

dynamically controlled in plants? are some of the questions that are covered in this review. 

 

II) The origins of cell adhesion in plants 
 

1) Cell adhesion and multicellularity 
 

Cell adhesion is one of the most basic features of a multicellular organism (Abedin and King, 

2010; Kirk, 2005). From what we know based on extant organisms, the development of a 

multicellular organism may result from two types of processes: an aggregative or a clonal 

development (Grosberg and Strathmann, 2007). In the first type the organism spends most of 

its life cycle under a unicellular form and then, when necessary, aggregates to form a 

multicellular migrating slug-like structure in order to move to a more favorable environment 

and develop a fruiting body (Bonner, 1998). These represent only a few groups of terrestrial 

and semi terrestrial microorganisms such as the dictyostelids, that didn’t evolved into 

complex multicellular organisms (Crespi, 2001). The second type of process leads to the 

development independent multicellular organisms via the clonal multiplication of a 

unicellular spore or zygote in which the cells usually stay connected after cell division 

(Queller, 2000). This one represents the type of multicellularity that is observed in all of the 

marine and most of the terrestrial multicellular organisms. It is this type of development that 

has allowed the apparition of the complex multicellularity that is found in animals, fungi and 

plants (Bonner, 1998; Abedin and King, 2010).  
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Cell adhesion and multicellularity are tightly related since cell to cell adhesion is a 

requirement to make a multicellular organism, and cell to cell adhesion wouldn’t be so wide 

spread if there wasn’t a selective advantage for multicellularity. 

 

2) Driving forces for the apparition of cell adhesion 
 

Probably the main driving force toward the apparition of cell to cell adhesion is the advantage 

that multicellularity can give. And likely the initial driving force toward the apparition of 

multicellularity is the advantage that an increase in size can give (Bonner, 2004; Grosberg and 

Strathmann, 2007). The living world was and is still largely dominated by unicellular 

organisms in terms of number and diversity. And in a unicellular world, having a larger size 

compared to the other unicellular organisms likely provides a considerable advantage. The 

apparition of phagotrophic organisms (Unicellular organisms that consume unicellular preys) 

may have started a race for an increase in size between predators and preys (Stanley, 1973). 

However increasing in cell size is not that simple and is subjected to physical constraints in 

order to maintain the homeostasis of the cell (Bonner, 2004), while a transition to 

multicellularity seems to represent a relatively simple way to overcome this problem. A 

number of studies of experimental evolution have demonstrated that unicellular organism 

could relatively quickly adopt a persistent undifferentiated multicellular form under a 

selective pressure (Boraas et al., 1998; Alegado et al., 2012; Koschwanez et al., 2013; Ratcliff 

et al., 2012; 2013). Experiments on a unicellular green algae and a unicellular 

choanoflagellate have pointed out the advantage of a larger size that multicellularity can give, 

in order to prevent the predation by other phagotrophic microorganisms (Boraas et al., 1998; 

Alegado et al., 2012). But simple multicellularity can provide other advantages as was shown 

in other experiments with yeast, for which it is the exposure to starvation that led to 

multicellularity (Ratcliff et al., 2012; 2013; Koschwanez et al., 2013). While these represent 

constraints that pushed the organisms to become multicellular, the state of multicellularity can 

then provide additional advantages. A multicellular organism can start to differentiate and 

compartmentalize (Bonner, 2004), in order to increase its complexity: a requirement for the 

further emergence of different tissue types such as the epidermis or the vascular tissues of 

today’s land plants. 

On an evolutionary point of view, the step necessary to develop multicellularity can in fact be 

effectively reached by the co-option of already existing genes and molecular mechanisms in 

order to develop cell adhesion. This was demonstrated by comparing the number of genes 
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within gene families and the number of different gene families in Chlamydomonas reinhardtii 

and Volvox carteri. These two organisms are very closely related but Chlamydomonas is 

unicellular while Volvox is multicellular. This study revealed that there was no increase in the 

number of different gene families, but an increase in the number of genes within families in 

the multicellular Volvox. This points out a role for the diversification of function of existing 

genes after duplication rather than the apparition of new genes or gene families dedicated to 

this new function (Prochnik et al., 2010; Gresham, 2013).  

The driving forces toward the apparition of cell adhesion are considerable and the transition 

seems relatively simple. In fact multicellularity has evolved independently in at least 25 

lineages (Grosberg and Strathmann, 2007), and the mechanisms of cell adhesion differ among 

the different lineages in which it has appeared (Abedin and King, 2010).  

 

 3) Different mechanisms for cell adhesion 
 

In animals, the cells are directly attached to each other by mechanisms implicating protein-

protein interaction with proteins such as the cadherins (Pokutta and Weis, 2007),  or protein-

extracellular matrix (ECM) involving proteins such as the integrins (Sebé-Pedrós et al., 2010). 

Cell adhesion in animals is under the form of punctuate junctions along the surface of contact 

between two adjacent cells (Abedin and King, 2010). Although they have a different type of 

multicellular development (aggregating as opposed to clonal in animals), the dictyostelids 

have a very similar type of cell adhesion (Harwood and Coates, 2004). In animal as in 

dictyostelids, the absence of a rigid cell wall allows dynamic attachment, detachment and 

migration of cells within the multicellular organism. 

On the other hand, many multicellular lineages such as the plants and fungi, have developed a 

large cell wall, and their cell to cell adhesion is based on the presence of this cell wall. As 

opposed to the “dynamic” cell adhesion of animals and dictyostelids, cell adhesion here seems 

more passive. It largely results from the absence of separation of two daughter cells after cell 

division, often due to a partially incomplete cell division and the presence of an intact cell 

wall linking the two cells together. This cell wall forms a continuum also called apoplast or 

extracellular matrix, which is composed of glycoproteins and polysaccharides that are cross-

linked to form a coherent rigid network. The plants also possess proteins homologous to the 

animal integrins (Laval et al., 1999), or other plant specific proteins such as the fasciclin-like 

arabinogalactan proteins with a GPI anchor (Johnson et al., 2003), the Wall-Associated 

Kinases (He et al., 1996) and other types of proteins (Kohorn, 2000) that mediate plasma 
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membrane-cell wall association (Canut et al., 1998; Kohorn, 2000; Baluška et al., 2003; 

Knepper et al., 2011; Lü et al., 2012; Shi et al., 2003). They have a role in attaching the 

plasma membrane to the cell wall and most of them are also likely implicated in signaling and 

in the perception of the cell wall integrity (Kohorn, 2000). However they are not directly 

implicated in cell to cell adhesion. Indeed, each plant cell produces its own cell wall and it is 

the continuity of the polysaccharides cross-linking between the two adjacent cells’ cell walls 

that ensures cell to cell adhesion. ((Jarvis et al., 2003); detailed description in III.). Cell 

migration is not believed to occur with this type of cell adhesion, but there are cases of 

invasive cell growth (e.g. pollen through the pistil transmitting track;(Jauh and Lord, 1996)) 

and it doesn’t prevent from later detachment via the active degradation of the cell wall (e.g.; 

organ abscission; (Roberts et al., 2002; Estornell et al., 2013)), or attachment via the cross-

linking of directly exposed polysaccharides (Post embryonic organ fusion; (Pruitt et al., 

2000)). 

 

4) The origins of cell adhesion in plants 
 

Understanding the origin (as opposed to today’s aggregating or clonal development) of cell 

adhesion in the different lineages that have evolved multicellularity remains very difficult 

(Abedin and King, 2010; Harwood and Coates, 2004; Niklas, 2014). Although most of these 

lineages still have extant unicellular and multicellular members, these have largely diverged, 

and the common ancestors of these relative multicellular and unicellular organisms of a same 

clade have disappeared long ago. The volvocine algae however, provide a very interesting 

insight into the origins of cell adhesion and the transition from unicellular to multicellular 

organism. This clade still has the unicellular (Chlamydomonas), the differentiated 

multicellular (Volvox) and four clearly distinct intermediate extant forms (Gonium, 

pandorina, eudorina, pleodorina) of increasing complexity (Kirk, 2005) which are believed to 

have diverged quite recently (Rausch et al., 1989). Interestingly, the study of these closely 

related unicellular and multicellular organisms indicates that the first steps toward the 

complexification of these organisms seems to be the occurrence of an incomplete cell division 

and further enlargement of the extracellular matrix to maintain cell adhesion and allow cell to 

cell communication (Sachs, 2008; Kirk, 2005). But the cell wall and extracellular matrix of 

the volvocine algae are mainly made of Hydroxyproline Rich GlycoProteins (HRGP) which 

makes them considerably different from the cell walls of land plants (Woessner and 

Goodenough, 1994). 
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The charophycean green algae (CGA) are the closest relatives of the land plants (Wodniok et 

al., 2011; Zhong et al., 2014). They are all aquatic, have unicellular and multicellular 

members and their cell walls closely resemble those of the land plants (Domozych et al., 

2012; 2014; Sørensen et al., 2011; 2012; Sorensen et al., 2010). Land plants multicellularity 

(and thus cell adhesion), complexification and later colonization of the terrestrial habitat has 

likely emerged thanks to the apparition of plant-like cell walls in CGA (Sørensen et al., 2011). 

A number a recent studies have focus on the characterization of the cell walls of these green 

algae (Domozych et al., 2009; 2007; 2014; Sørensen et al., 2011) as well as their properties 

(Proseus and Boyer, 2012a; 2012b). Interestingly these studies have also brought very 

interesting insights about the evolution of the land plant cell walls and the properties and 

function of their constituting polysaccharides (Peaucelle et al., 2012). Recently the unicellular 

Penium margaritaceum has emerged as a powerful model for the study the cell walls of these 

CGA (Sørensen et al., 2014).  

Although unicellular, Penium will likely also be a powerful tool to understand the origins of 

cell adhesion in land plants. The cell wall of Penium is made of three distinct layers: a 

cellulose rich inner layer, a HG rich outer layer, and a middle layer in which pectins embed 

cellulose (Domozych et al., 2007; 2014). The composition and structure of this cell wall has 

striking similarities with the cell wall of land plants. Although Penium is a unicellular 

organism and its cell wall doesn’t mediate cell to cell adhesion, the HG enriched outer layer 

can easily be compared with the middle lamella of the multicellular land plants. This outer 

layer seem implicated in cell to substrate adhesion (Domozych et al., 2014) but such a layer 

may also have been the precursor of the land plants middle lamella mediating cell to cell 

adhesion. 

Interestingly some work on spyrogyra, a filamentous multicellular CGA, has revealed the 

potential implication of a xyloglucan-like compound for cell adhesion in this species (Ikegaya 

et al., 2008). This could reveal a somewhat unexpected role of a xyloglucan-like compounds 

in the apparition of cell adhesion for land plants. Indeed, since the advent of Arabidopsis 

thaliana as the main model species for plants, most of the research indicates a major role of 

pectins in cell adhesion (Jarvis et al., 2003). However arabidopsis is genetically and 

physiologically largely distant from its earliest land plants ancestors. It is possible that the 

mechanisms that led to the apparition of cell adhesion in the ancestors of land plants was 

different from what cell adhesion is in the land plant that we study today. However such 

evidence could also be misleading since Spyrogyra has largely evolved independently from 

the land plants (as any other CGA) and have a cell wall structure likely less related to land 
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plants than other CGA such as Penium (Sørensen et al., 2011; 2012). The use of this 

xyloclucan-like compound for cell adhesion may have emerged in adaptation to their habitat 

and a different cell adhesion mechanism, implicating pectins, may have emerged for land 

plant.  

We still clearly don’t know very much on the origins of cell adhesion in land plants. Further 

work on these CGAs would bring very interesting insights on this question. In the meantime, 

the role of pectins at the origins of the cell adhesion in plants remains the most likely and 

seems to be the most parsimonious when comparing the cell wall structure and compositions 

of most of the CGA and land plants. 

 

 5) What made pectins the main determinant of cell adhesion in land plants? 
 

The land plants represent a single clade in which all the members are multicellular and 

terrestrial (except for some members that have re-adapted to aquatic environments). As 

briefly described above, land plants have a large polysaccharidic cell wall surrounding their 

protoplasms and within this cell wall pectins are thought to have a major role in cell adhesion.  

If we look far back into evolution, the first step toward this form of cell adhesion is the 

acquisition of a chloroplast by a eukaryotic protist. The incorporation of a cyanobateria by 

endosymbiosis, which later evolved into a chloroplast, marked the formation of the Plantae 

kingdom. And as a consequence, the cyanobacteria has provided by horizontal gene transfer 

the cellulose synthases genes (CesA; (Nobles and Brown, 2004)) and the 

galacturonosyltransferases (GAUT; (Yin et al., 2010)) as well as the capacity to 

photosynthesize and produce a large excess of energy and carbohydrates (Keeling, 2010). 

This made possible the synthesis of a large polysaccharidic cell wall (Niklas, 2004). 

The second major step is likely the adaptation to freshwater. Plantae members that are 

adapted to marine environment such as the red algae and the chlorophytes, have cell walls 

made of cellulose, hemicelluloses and a sulfated polysaccharide matrix (Domozych et al., 

2012; Popper et al., 2011). However, it is likely that the biochemical properties of a sulfated 

matrix are not adapted to the low ionic conditions of the freshwater, thus to adapt and conquer 

this new habitat, the ancestors of the streptophytes (CGA and land plants) have gotten rid of 

their sulfated matrix and have adopted an only carboxylic matrix made of pectins (Michel et 

al., 2010). Furthermore a sulfated matrix is probably not adapted to the terrestrial environment 

since the availability of sulfate in terrestrial habitat (and freshwater) is likely too low for the 
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synthesis of a sulfated polysaccharide matrix. This has likely prevented the direct colonization 

of land by marine organisms (Raven, 1997) . The colonization of freshwater has certainly 

provided a smoother transition and made possible in a subsequent stage the colonization of 

the terrestrial habitat. It is after this diversification to a freshwater-adapted cell wall with a 

pectic matrix that the land plants-like cell walls and cell adhesion are believed to have 

emerged(Becker and Marin, 2009; Sørensen et al., 2011).  

From that point, cell adhesion mediated by a pectin rich cell wall and the onset of 

multicellularity has provided the support for complexification, tissue specialization and 

compartmentalization while still in freshwater. The increased number and diversification of 

the cell wall synthesis genes (Atmodjo et al., 2013; McCarthy et al., 2014) and the formation 

of an epidermis covered with a hydrophobic cuticle, to control gas exchange and limit water 

loss have allowed survival in a terrestrial environment. Finally the formation of vascular 

tissues for long distance transport of water, nutrient and metabolites (Lucas et al., 2013), have 

further adapted the plants to dryer and dryer environments to further colonize the terrestrial 

habitat (Popper et al., 2011). It is likely this scenario, largely simplified here, that led to the 

apparition of complex land plants. In this process, the acquisition of a chloroplast allowing the 

synthesis of a large cell wall and the adaptation to fresh water that switched the matrix to 

pectins, are certainly the two most decisive events that made land plant cell adhesion what it 

is today. 

 

III) Set up and structural bases of the cell adhesion in plants 
 

1) Ontogeny of the cell adhesion 
 

 Cytokinesis and new cell wall formation 

 

Cell adhesion starts right after cell division. It is the formation of a new cell wall between the 

two daughter cells that keeps the two cell attached. Thus the correct formation and sequential 

deposition of the polysaccharides in this developing cell wall is crucial for cell adhesion. 

At the end of anaphase, a group of vesicles guided by the phragmoplast starts to align at the 

center of the dividing cell. These vesicles start to fuse forming what is called the tubulo 

vesicular network (TVN). As more and more vesicles are added to the sides, the forming cell 

plate extends centrifugally toward the edges of the cell and the center of the cell plate starts to 
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organize into a tubular network (TN) and later a planar fenestrated sheet (PFS). Finally the 

cell plate reaches the edges of the cell and fuses with the parental plasma membrane to 

separate the two daughter cells with the newly formed cell wall (Samuels et al., 1995; Seguí-

Simarro et al., 2004; Verma, 2001). 

During the formation of the cell plate, polysaccharides are synthesized and added to form the 

future cell wall. First, callose is synthesized in quantity and fills the cell plate at the TN 

transition (Samuels et al., 1995). This synthesis of callose is believed to provide mechanical 

support to the cell plate and to promote the transition to the PFS. The study of callose 

synthesis defective mutants as well as the effect of the inhibition of callose synthesis have 

revealed that callose was also crucial for later stages of cell plate maturation (Thiele et al., 

2009; Chen and Kim, 2009; Park et al., 2014).  

Hemicelluloses and pectins are then added to the cell plate (Moore and Staehelin, 1988) and 

pectins tends to accumulate in the middle of the cell plate compared to the callose which is 

more present against the plasma membrane of the cell plate and xyloglucans which seem to be 

more homogeneously distributed (Moore and Staehelin, 1988; Samuels et al., 1995).  

Cellulose appears to be a minor component of the cell plate (Samuels et al., 1995) but a recent 

study indicates that its synthesis likely starts very early, at the TVN stage as revealed by the 

presence of the cellulose synthase at these early stages of the cell plate formation (Miart et al., 

2014). Cellulose synthesis, along with callose may have a role in the mechanical support and 

the formation of the TVN (Zuo et al., 2000; Miart et al., 2014). Callose finally disappears 

during the cell plate maturation and fenestrae closure as it is replaced by the other 

polysaccharides.  

The cell plate formation is also the place of formation of primary plasmodesmata. Their 

structure and the connexion they create between two adjacent cells could make them good 

candidates for maintaining cell to cell contact and thus adhesion. However to our knowledge 

no evidence has demonstrated a structural role of plasmodesmata for maintaining cell 

adhesion. 

 

The precisely orchestrated sequential delivery and synthesis of polysaccharides creates a cell 

wall structured with three layers. The middle lamella largely enriched in pectins (Knox, 

2008), and on both sides, the two daughter cells’ cell walls that are independently synthesized 

by each daughter cells and are composed of cellulose, hemicelluloses and pectins. The 

formation of the middle lamella may in a way have an active role in keeping the cells attached 

together as it is really the junction between the two adjacent cells. Its specific enrichment in 
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pectins could account for specific adhesive properties. But in fact it seems to mostly provide a 

continuum of polysaccharides between the two cell walls that is not degraded right after cell 

division. However the interesting point about this structure is that the absence of cellulose and 

hemicelluloses render this junction much easier to degrade by specific pectin directed 

enzymes for later cell separation while allowing the two adjacent cell walls to keep their 

integrity (Roberts et al., 2002; Estornell et al., 2013).  

 

 Middle lamella deposition 

 

The middle lamella is deposited during the cell plate formation by the addition of vesicle-

derived polysaccharides. Although this fact is known for more than two decades (Samuels et 

al., 1995; Moore and Staehelin, 1988), the precise provenance of these vesicles is still not 

clear. The Golgi apparatus is well known to be the place where hemicelluloses and pectins are 

synthesized (Driouich et al., 2012), and the formation of the cell plate by incoming vesicles 

has been demonstrated to largely depend on Golgi derived vesicles (Reichardt et al., 2007). 

So it has long been stated that the cell plate’s polysaccharides were only directly derived from 

the Golgi apparatus. However, other studies have shown that endocytosis and recycling of 

proteins and cell wall polysaccharides were also implicated in the process (Baluška et al., 

2006; Van Damme et al., 2008). Moore et al. (1988) have shown that xyloglucan and pectins 

(RGI) were present in the Golgi apparatus near the cell plate, however only the xyloglucans 

derived from these Golgi vesicles were shown to be later present at the cell plate. In addition 

Baluska et al. (Baluška et al., 2005; 2002) and Dhonuske et al. (Dhonukshe et al., 2006) have 

demonstrated that pectins along with xyloglucans, could be internalized by endocytosis from 

the parental cell walls (Baluška et al., 2002) and that the recycled polysaccharides 

accumulated at the forming cell plate (Baluška et al., 2005; Dhonukshe et al., 2006). 

Homogalacturonans with a low degree of esterification (see structural description of the 

pectins in part III) 2)) were found in the cell plate while this form of pectin is typical of a 

mature cell wall and not of usually newly deposited pectin.  

Interestingly, the study of some mutants also seems to point out the implication of 

polysaccharide recycling, from the parental cell wall to the forming cell plate. GNOM/emb30 

is a protein that has been shown to be implicated in the secretion of endocytosis-derived 

vesicles (recycling endosome via the trans Golgi network), including the secretion of PIN1 to 

the apical part of the cell and to the cell plate (Richter et al., 2010). Interestingly the 
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disruption of this gene impairs normal pectin localization in the cell wall, which is 

accompanied by a cell adhesion defect (Shevell et al., 2000; 1994). Although it could be an 

indirect effect and it would need more experimental evidences, this pectin localization and 

cell adhesion defect could be due to a defect of the GNOM-mediated mature pectin recycling 

and deposition at the cell plate. On the other hand, ECHIDNA, a trans-Golgi network 

localized protein (Gendre et al., 2011) was shown to be responsible for the secretion of Golgi-

derived polysaccharides (Gendre et al., 2013). Although the disruption of this protein revealed 

a large defect in pectin secretion, to our knowledge it is not accompanied with a cell adhesion 

defect (McFarlane et al., 2013). Despite a potential functional redundancy, the absence of cell 

adhesion defect in echidna may indicate that the correct deposition of newly synthesized 

Golgi-derived pectins during cell plate formation is not crucial for cell adhesion while the 

deposition of endocytosis-recycled mature pectin is. However the absence of a cell adhesion 

defect in echidna should be more thoroughly checked and the existence of a functional 

redundancy of this function for cell plate formation is unknown. The role of endocytosis-

recycled vs Golgi-derived pectin deposition during cell plate formation for cell adhesion 

should be further studied to give a clear answer. 

 

 Middle lamella expansion 

 

The middle lamella is set up at cell division, but then during plant growth the cells usually 

undergo a dramatic anisotropic expansion. This growth is accompanied with a large 

production of polysaccharides: Cellulose is synthesized as microfibrils perpendicular to the 

growth direction to allow anisotropy while pectins and hemicelluloses are continuously 

deposited. However due to the width of the cell wall, the middle lamella is distant from the 

place of deposition of the polysaccharides, and the amount of pectin that is laid down at the 

middle lamella prior to cell expansion is likely insufficient to allow such a growth while still 

maintaining the integrity of the middle lamella and thus the cell adhesion. Interestingly a very 

recent work on the unicellular CGA Penium brought an interesting insight on how pectins 

could be continuously added to the middle lamella during cell expansion (Domozych et al., 

2014). As described above (The origins of cell adhesion in plants, II.), the cell wall structure 

and composition of Penium have striking similarities with the cell wall of land plants. 

However it is a unicellular organism, which makes its cell wall directly accessible for 

observation. In addition, compared to the diffuse growth of plant cells, Penium cell expansion 
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takes place at a central isthmus zone. Thanks to these properties, it was shown that pectins are 

deposited at the plasma membrane, in the inner layer, and progressively migrates toward the 

outer layer during cell extension. During this migration the HGs are progressively de-methyl 

esterified so that they can form Ca2+ mediated cross-links when they reach the outer layer. A 

similar process of secretion, de-methyl esterification and migration to the middle lamella 

could occur in plants, and explain how the middle lamella and thus cell adhesion is 

maintained during cell expansion.  

 

Interestingly the complex regulation of cell wall deposition during cell plate formation and 

cell expansion indicates that cell adhesion does not simply happen by a very passive lack of 

cell wall degradation, but a specific layer is laid down and maintained to allow the 

maintenance of cell adhesion and even more importantly the potential for later controlled cell 

separation. 

 

2) The role of cell wall structure and composition in cell adhesion 
 

 Pectin cross-linking 

 

The pectins are the main constituents of the middle lamella. They are also the main gel-

forming polysaccharide due to their hydrophilic and cross-linking properties. The pectins in 

fact designates a group of polysaccharide which is recognized as the most complex (Caffall 

and Mohnen, 2009; Atmodjo et al., 2013). It is composed of three main forms: 1) The 

homogalacturonan (HG) which is the simplest and most abundant form. It is a linear chain of 

galacturonic acids partially substituted with methyl ester groups and sometimes acetyl, xylose 

and apiose. 2) The rhamnogalacturonan I is a fraction of the pectins composed of an 

alternating rhamnose and galacturonic acid backbone, likely continuous to the 

homogalacturonan, and largely substituted with arabinan, galactan and arabinogalactan side 

chains on the rhamnose residues. 3) The rhamnogalacturonan II is an extremely complex and 

conserved domain based on an HG backbone substituted with four side chains comprising 12 

different sugars (Bar-Peled et al., 2012). These three different forms of pectins are linked 

together by glycosidic linkages (Vincken et al., 2003). But the most interesting aspect of the 

pectins in regard to the maintenance of cell adhesion is their potential to be actively remodel 

after deposition at the cell wall and to form intermolecular cross-linking (Sénéchal et al., 
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2014). These remodeling can usually radically change the physico-chemical properties of the 

pectins (Willats, 2001). The most studied is the non-covalent cross-linking of HG. HG is 

synthesize under a highly methyl esterified form (Atmodjo et al., 2013) and Pectin Methyl 

esterases (PMEs) can later remove the methyl ester groups leaving a negatively charged 

residue (Micheli, 2001; Pelloux et al., 2007). Depending on the pattern of de-methyl 

esterification this can have two opposite consequences (Willats, 2001). If de-methyl 

esterification happens in a block wise manner, and long enough stretches of de-methyl 

esterified galacturonic acids are present (>10) (Liners et al., 1989), two independent HG 

chains can cross-link via the formation of calcium bridges on the negatively charged 

galacturonic acids (Jarvis and Apperley, 1995) which in turn leads to a stiffening of the cell 

wall (willats et al., 2001). However, if de-methyl esterification happens in a random manner 

this renders the HG sensitive to polygalacturonases (PGs) and pectate lysase (PLs), leading to 

a softening of the cell wall (Moustacas et al., 1991). Pectins are also well known to mediate 

cross-linking by the borate mediated dimerization of the RGII (O'Neill et al., 1996; 2001), 

however this dimerization takes place before secretion which seems to make it less relevant as 

a cross-linking related with cell to cell adhesion (Chormova et al., 2014). There are also some 

evidences for the existence of covalent ester cross-linking between HG chains as some of the 

HG can only be extracted under alkali condition (Jarvis, 2009). 

Thus this very complex polysaccharide can be synthesized by two independent cells, 

deposited throughout the cell wall and could even migrate to the middle lamella and cross-

link to form a gel-structure that maintains the cell adhesion between the two adjacent cells. It 

is the HG that is mostly present in the middle lamella and is largely recognized as the most 

important polysaccharide for cell adhesion. Among pectins, it is also the most suited 

polysaccharide for post deposition cross-linking. However it is also the cross-linking of all the 

components of the cell wall that creates the continuum between the cell that really holds the 

cells together. 

 

Other cross-linking 

 

Other cross-linking take place between the different polysaccharides and glycoproteins of the 

cell wall. One of the most studied is the non-covalent interaction between xyloglucans and 

cellulose(Levy et al., 1997; Scheller and Ulvskov, 2010). Pectins have been shown be 

covalently cross-linked with xyloglucan (Cumming et al., 2005; Marcus et al., 2008; Popper 
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and Fry, 2007) and recent evidences show that some xylan is covalently linked to RGI side 

chain and that this xylan can mediate non-covalent interaction with cellulose (personal comm. 

Ralet & North). A recent work identified the ARABINOXYLAN-PECTIN-

ARABINOGALACTAN PROTEIN 1 (APAP1) which revealed the existence of pectin and 

hemicellulose covalently linked with an arabinogalactan protein (Tan et al., 2013). Another 

recent work revealed the non-covalent interaction of AGP31 with RGI galactan branches, 

polygalacturonic acid and itself (Hijazi et al., 2014). These interactions reveal that pectin, 

hemicellulose, cellulose and glycoproteins may all be intercross-linked in the cell wall. 

The cell wall compositions and possibilities of cross-linking can greatly vary between 

different species or for example between monocots and dicots (Carpita, 1996), and the 

potential importance of the different type of cross-linking in regard to cell adhesion should 

greatly differ. For example monocots have a much lower pectin content (Vogel, 2008) and in 

some species at least, cell adhesion may be maintained in large part by arabinoxylan diferulic 

acid cross-linking (Ng et al., 1997). Despite the low pectins content, other species like rice 

still rely on the pectins for cell adhesion (Liu et al., 2014). 

Additionally the developmental transition from primary to secondary cell wall marks the 

arrest of pectins synthesis and the onset of lignin synthesis. Very little is known about the 

consequences that it has on the presence of pectin, but it is likely that lignin largely replaces 

the pectins in the middle lamella and that lignin polymerization throughout the primary cell 

wall takes over the role of cell adhesion in a cell wall that in turns becomes static (Li and 

Chapple, 2010; Tobimatsu et al., 2013). 

 

 Experimental insights on the polysaccharides responsible for cell adhesion 

 

The cross-links that exist in the cell wall are certainly not all equally implicated in 

maintaining cell adhesion. Experimental approaches to decipher which polysaccharide or 

cross-linking are the most important are based on two strategies: The specific dissolution or 

digestion of certain cell wall polymers in order to determine whether it affects cell adhesion 

or not. Or the forward genetic study of cell adhesion defective mutants and the structural 

changes in their cell wall that may be responsible for the loss of cell adhesion. 

The first approach has revealed that the pectins, in most dicot species, could alone be 

responsible for most of the cell adhesion. Treatments with a chelating agent disrupting Ca2+ 

HG cross-linking as well as borate RGII dimer, usually leads to cell separation, pointing out a 

primordial role of these cross-linking in cell adhesion (McCartney and Knox, 2002; Ehwald et 
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al., 2002). However adhesion is not always completely lost but in many cases the remaining 

linkages could also be attributed to the covalent ester cross-linking of the HG (McCartney and 

Knox, 2002; Jarvis, 2009). Enzymatic solubilization of HG by endo polygalacturonases also 

usually allows cells separation in dicots (Ramana and Taylor, 1994; Zhang et al., 2000), while 

the degradation of galactan side chains does not (Redgwell and Harker, 1995).  

In most grass species and monocot cell separation does not occur consequently to these 

treatments. This observation correlates with the fact that the diferulic acid cross-linking of 

arabinoxylans is probably involved (Ng et al., 1997). 

 

The study of cell adhesion defective mutants was also very informative on the implication of 

pectins but has mostly only been carried out on Arabidopsis or other dicots such as tomato 

and tobacco. A number of mutants have been shown to present specific defects in cell 

adhesion or separation. Most of them are defective in cell separation during developmentally 

regulated events and are either upstream receptor of an endogenous signal for triggering cell 

separation (Estornell et al., 2013), downstream regulators of the response such as transcription 

factors (Shi et al., 2011), or actual cell wall remodeling enzymes implicated in cell separation. 

Among these last ones are for example quartet1, 2 and 3, respectively mutated in a PME and 

two PGs, which disruption prevents the separation of the four pollen grains after meiosis, by 

indirectly (PME) or directly (PG) preventing the degradation of the HG between the pollen 

grains (Rhee et al., 2003; Francis et al., 2006; Ogawa et al., 2009). In all such cases, only 

mutants implicated in homogalacturonan modification or degradation have been identified, 

which would point out the HG as the only structural determinant of cell adhesion. However 

other approaches such as transcriptomic analyses of the abscission zones have revealed the 

potential implication of other enzymes acting on cellulose and/or xyloglucans as well (Cai 

and Lashbrook, 2008; Lashbrook and Cai, 2008; Meir et al., 2010; Estornell et al., 2013). 

On the other hand, some mutants show a defect in cell adhesion when the cells should remain 

attached. The mutagenesis of haploid tobacco callus led to the identification of the Non-

Organogenic callus with Loosely Attached Cells (nolac) H14 and H18. Nolac-H14 was shown 

to have an absence of arabinan side chains in the pectic fraction (Iwai et al., 2001). Nolac-

H18 is mutated in npGUT1 a glucuronosyltransferase, implicated in RGII synthesis (Iwai et 

al., 2002). Tobacco plants expressing an antisense copy of this gene had crumbled shoots 

(revealing a cell adhesion defect) and largely reduced dimerization of the RGII. These 

observations reveal the importance of RGI and RGII pectin fraction in cell adhesion. The 

overexpressor of an endogenous polygalacturonase in apple tree lead to cell adhesion defect 
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and premature leaf shedding (Atkinson et al., 2002). Similarly the overexpression of the rice 

polygalacturonase subunit osBURP16 led to the over activation of the polygalacturonase 

activity and defects in cell adhesion (Liu et al., 2014). The mutations in 

QUASIMODO1/GAUT8 and QUASOMODO2/TSD2/OSU1 genes, respectively a putative 

galacturonosyltransferase of the GT8 family of glycosyltransferases, and a putative pectin 

methyltransferase, lead in both cases to a 50% reduction in HG content in the cell wall and a 

clear cells detachments phenotype (Bouton et al., 2002; Mouille et al., 2007; Orfila et al., 

2005; Leboeuf et al., 2005).  Recently a new cell adhesion defective mutant was described. It 

is affected in FRIABLE1, a member of the family of putative O-fucosyltransferase 

(Neumetzler et al., 2012). Although the precise function of the gene could not be elucidated, 

the mutant presents various modifications in its cell wall structure and composition with one 

of the major features being a higher PME activity and a lower degree of pectin methyl 

esterification. GNOM/emb30, as previously described, is likely affected in pectin recycling, 

and shows an abnormal pectin pattern in the cell wall, which is associated with a cell adhesion 

defect (Shevell et al., 2000). However this mutant is affected in embryo development and 

does not develop into a proper seedling, which makes it difficult to compare with qua1, qua2 

or frb1 in Arabidopsis. The study of the different cell adhesion defective mutants however, 

seems to confirm the major implication of the pectins in cell adhesion 

 

Cell wall spatial organisation 

 

As described above, in the context of the primary cell wall, the continuum of cross-linked 

polysaccharides can actually be subdivided into three layers: the two cell walls of the adjacent 

cells and the middle lamella. The middle lamella can be clearly distinguished by its higher 

density to electrons when observed under a transmission electron microscope (Orfila et al., 

2001), by its composition as observed using confocal Raman microscopy (Gierlinger and 

Schwanninger, 2006; Zeng et al., 2010) and by immunolabeling with different antibodies 

recognizing cell wall epitopes (Orfila et al., 2001). These observations reveal that this layer is 

highly enriched in HG harboring a low degree of methyl esterification, and seems more or 

less depleted of most of the other polysaccharides (Orfila et al., 2001; Guillemin et al., 2005; 

Knox, 2008). An additional structural characteristic of the cell wall that is related with cell 

adhesion is the formation of intercellular spaces. Indeed, just after cell division, the cells 

present very sharp edges. But the growth of the plant relies on the building up of a very high 
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intracellular turgor pressure in order to drive the cell expansion. This high internal turgor 

pressure forces the cells to adopt a more spherical or cylindrical shape. This leads to the 

separation of the cells at these sharp edges, thus forming the intercellular spaces (Jarvis, 

1998). While the middle lamella is important for cell adhesion, it is actually at the middle 

lamella that the cells separate here. Although very little is known about it, this release of the 

tension could be highly controlled. Indeed, in order to prevent complete cell separation, the 

cell wall is specifically reinforced at this tricellular junction. Immunolocalization studies have 

revealed that HG with a very low degree of esterification and with de-methyl esterified 

stretches longer than 34 consecutive galacturonic acid residues (PAM1 epitope; (Willats et al., 

1999; Manfield et al., 2005)), as well as HG with a very low degree but a more random 

pattern of esterification (LM7 epitope; (Willats, 2001; Clausen et al., 2003)) were specifically 

present throughout this reinforcing zone. In addition, the corners of the intercellular spaces 

represent the limits of cell separation and in some species they can even be identified prior to 

cell separation (Kollöffel and Linssen, 1984). Secondary ion Mass Spectroscopy (SIMS) and 

Electron-energy-loss spectroscopic (EELS) imaging of calcium in the cell wall revealed that 

the calcium is mainly concentrated at these corners of the tricellular junction where cell 

separation is blocked (Huxham et al., 1999; RIHOUEY et al., 1995). Mathematical modeling 

seems to point out the necessity for a tight reinforcement at this tricellular junction in order to 

prevent complete cell separation (Jarvis, 1998). Overall, since this reinforcing zone likely 

provides a tight attachment between the adjacent cells, extending this observation at the tissue 

level seems to makes this reinforcement one of the main actor in the maintenance of cell 

adhesion throughout the plant (Jarvis, 1998). 

The actual composition and cross-links that are created in this reinforcing zone vary between 

species just like the rest of the cell wall. It result that there should not be a “universal” cell 

adhesion polysaccharide or cross-link. But rather the presence of a continuum of 

polysaccharides between the cells, supported by such reinforcing zones at the points of 

tension, whatever their composition or the cross-linking that are taking place (Jarvis, 1998; 

Jarvis et al., 2003).  
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IV) What controls cell adhesion in plants 
 

1) Developmentally regulated cell separation 
  

 The different cell separation events 

 

The cell separation events are processes during which individual cells, groups of cells or even 

entire organs, partially or completely separate as a consequence of the dissolution of the 

middle lamella originally holding them together. Controlled cell separation happens at 

different times and places during plant development. The most commons are:  

- The abscission of the floral organs, leaves, fruit pedicels and seeds. 

- The dehiscence of the seed pod and anther. 

- The fruit ripening that involves cell separation as part of its maturation and softening 

process. 

- The lateral root emergence. 

- The border cells and border-like cells sloughing off. 

- The intercellular space formation.  

 

The most studied of these events are the abscission, dehiscence and fruit ripening since the 

understanding of these processes have potential applications for agricultural as well as 

ornamental purposes. In agriculture the control of pod shatter has probably been among the 

earliest traits selected for, since limiting seed shedding greatly simplifies the harvesting 

process (Paterson et al., 1995). Yield losses due to pod shatter are still considerable and the 

potential for its amelioration is a good example of one of the goals that drives the research on 

the cell separation events (Østergaard et al., 2006). There are many other examples in which 

research on cell separation processes should help find solutions for some of today's 

agriculture problems (Estornell et al., 2013) and for this reason the study of cell separation 

events has and still represents a very active field of research. A large body of knowledge 

starts to accumulate on the different mechanisms and pathways that are implicated in these 

different processes, including cell separation events that may not directly concern agriculture. 

These have been reviewed in details by (Patterson, 2001; Roberts et al., 2002; Lewis et al., 

2006; Driouich et al., 2007; Péret et al., 2009; Seymour et al., 2013; Estornell et al., 2013; 

Nakano and Ito, 2013; Niederhuth et al., 2013) and others. Thus the purpose here is not to 
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describe all this knowledge in detail, but rather to give a condensed description and the 

common themes and mechanisms that are at play in cell separation. Also, although some 

precious information come from the study of cultivated species, the large majority of the 

recent advances come from studies carried out on Arabidopsis thaliana, and as a consequence 

most of the work reported here focuses on Arabidopsis. Thanks to this model species, the 

events and the molecular pathway that control floral organ abscission are starting to be 

resolved in great details and recent investigations tend to show that similar (homologous or 

analogous) pathways could be implicated in most of the other cell separation events (Aalen et 

al., 2013). 

 

The common themes and mechanisms in developmentally controlled cell separation 

 

Most of the studies converge toward a chain of event including four main steps. 1) Definition 

of the future cell separation zone. 2) Activation of a signaling cascade for the initiation of cell 

separation with an hormonal control. 3) Cell wall loosening, dissolution of the middle lamella 

and mechanically induced cell separation. 4) Formation of a protective layer and activation of 

the defenses. 

All these steps are not respected in all the separation events. Such as in the case of lateral root 

development for which there may not be a zone defined early in advance by transcription 

factors, but a direct initiation of the second step with a timing and localization defined by the 

lateral root primordia initiation (Aalen et al., 2013). Moreover the control of some cell 

separation events is still not understood at all. Probably the best example for this is the 

formation of intercellular spaces at the tricellular junction. We have a detailed anatomical 

description of their development (Roland, 1978; Jeffree and Yeoman 1983; Jeffree et al., 

1986; Kollöffel and Linssen, 1984), but to our knowledge nothing is clear about what controls 

where it takes place, what pathways are implicated, how cell separation is mediated in the end 

and even if this is actually a tightly controlled mechanism or if it may only originate in large 

part from self organization of the cell wall and mechanical forces inherent to the internal 

turgor pressure necessary for plant growth (Jarvis, 1998). 

For the other ones however (at least those for which we have enough information) they seem 

to follow this scheme quite well with some variation. Step 1) is basically the definition of a 

zone in which the cells will later have the potential to separate and slightly reorganize. These 

are the abscission and dehiscence zone, border and border-like cells, the fleshy fruit 

pericarp,... Most of these zones are defined by transcription factors involved in patterning 
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such as INDEHISCENT, SHATTERPROOF1, BLADE ON PETIOLE1 and 2, SEEDSTICK,... 

(Estornell et al., 2013).  

Step 2) involves hormonal signaling and a somehow hormone-independent signaling cascade 

(Butenko et al., 2006). Ethylene and auxin have been shown to have the main roles in almost 

all the separation events. They are able to directly trigger the expression of some of the genes 

that are directly implicated in cell separation such as cell wall remodeling enzymes. But most 

importantly they are implicated in defining the timing of cell separation (Meir et al., 2010). 

Other hormones such as abscisic acid (ABA) may also play a role but to a lower extent 

(Ogawa et al., 2009). Ethylene and auxin control the expression of a small peptide called 

INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) (Niederhuth et al., 2013). This 

peptide is perceived by the redundant set of leucine rich repeat receptor like kinases (LRR-

RLK) HAESA (HAE) and HAESA-LIKE2 (HSL2) (Cho et al., 2008; Stenvik et al., 2008). 

Their ligand-induced dimerization triggers a MAP Kinase cascade including MKK4 and 5 

followed by MPK3 and 6 (Cho et al., 2008) which finally inhibits the expression of the class I 

knotted1-like homeobox transcription factor BREVIPEDICELLUS/ KNOTTED-LIKE 

FROM ARABIDOPSIS THALIANA1 (BP/KNAT1). This in turns de-repress the related 

transcription factors KNAT2 and KNAT6 (Shi et al., 2011). The activation of these 

transcription factors then triggers the expression of cell wall remodeling enzymes and other 

genes implicated in step 3). Other actors have been identified such as the ADP-ribosylation 

factor GTPase-activating protein (ARF-GAP) NEVERSHED (Liljegren et al., 2009), the 

LRR-RLK EVERSHED (Leslie et al., 2010) and SOMATIC EMBRYOGENESIS 

RECEPTOR-LIKE KINASE1 (SERK1) (Lewis et al., 2010), and the membrane associated 

cytoplasmic receptor like kinase CASTAWAY (Burr et al., 2011), however their role is less 

clear but they should be implicated in repressing the activation of the signaling cascade by 

inhibiting HAE and HSL2 signaling (Liljegren, 2012). This cascade has only been deeply 

studied in the case of floral organ abscission, but recent work shows that the same cascade 

with the same molecular players is implicated in the cell separation for lateral root emergence 

and gene expression studies have revealed that it should also be implicated in mature silique 

dehiscence (Stenvik et al., 2008; Kumpf et al., 2013). Although investigation of the other cell 

separation events is required, this signaling cascade may actually be widely used for the 

induction of cell separation in plants (Aalen et al., 2013). 

In step 3) the downstream targets of the signaling cascade, mostly cell wall remodeling 

enzymes, are expressed (Lashbrook and Cai, 2008; Cai and Lashbrook, 2008). Almost all the 

separation events involve the same type of enzymes. Usually expansins (EXP) and xyloglucan 



	   26	  

endotransglucosydase/hyrolase (XTH) are expressed, promoting cell wall loosening which 

should have two effects: ease accessibility for PMEs, PGs and PLs to the middle lamella for 

its dissolution, and allow cell expansion to push the cells apart from each other and finally 

allow separation. Interestingly, although these enzymes are usually part of large gene 

families, a relatively small group of enzymes seem to be involved in the different separation 

events as revealed by genetic approaches. For example in the case of the PGs, QUARTET2 

(QRT2) and QUARTET3 (QRT3) are required for pollen grain separation (Rhee et al., 2003; 

Ogawa et al., 2009), but QUARTET2, along with ARABIDOPSIS DEHISCENCE ZONE 

POLYGALACTURONASE1 and 2 (ADPG1 and ADPG2) are also involved in anther 

Dehiscence (Ogawa et al., 2009). ADPG1 and ADPG2 are also implicated in silique 

dehiscence, ADPG1 is implicated in seed abscission, and ADPG2, QRT2 and PGAZAT in 

floral organ abscission (Estornell et al., 2013). The implication of these enzymes in most of 

the cases have been identified by genetic approaches and interestingly, to our knowledge, 

only mutants defective in PG or PME (pectin degradation / middle lamella dissolution) have 

been reported to actually affect normal cell separation when mutated (Estornell et al., 2013). 

Finally in step 4), the “wound” that is left by cell separation, is healed by lignification, 

suberin deposition and expression of defense related genes to protect this potential point of 

pathogens intrusion and prevent water and nutrient loss (Sexton and Roberts, 1982). 

Although a lot remains to be understood, and a number of intermediate players are missing, 

the mechanisms and the pathways that control cell separation are now quite clear. 

 

 

2) Maintenance and modulation of cell adhesion during growth and development 
 

Much less is known about how cells actually remain attached during plant growth and 

development. Indeed it is not such a trivial question, and it seems to face two major problems: 

The first problem is that the cell wall material deposited at the middle lamella during cell 

division may not be present at a quantity important enough to allow the large anisotropic cell 

expansion that cells undergo during growth without affecting the middle lamella to the point 

of probably loosing cell adhesion. As described above (middle lamella expansion, III.) there is 

likely a mechanism of deposition of new pectic polysaccharides at the middle lamella. But the 

question remains as to what controls the synthesis and timing of deposition of this material. 

Probably an interesting mutant to study would be the mutant echidna (Gendre et al., 2013). In 

this mutant a large part of the polysaccharides are not deposited at the cell wall and the 
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mutant is very affected in cell elongation but not in cell adhesion (McFarlane et al., 2013). 

There may actually be a feedback mechanism limiting plant growth as long as 

polysaccharides are not correctly deposited to the cell wall in order to avoid problems 

including losing cell adhesion. 

The second problem is that cell expansion as well as a many other developmental 

mechanisms, use cell wall remodeling enzymes, including XTH, EXP, PME, PG and PL that 

are also used in cell separation events. How does the cell control whether these enzymes will 

induce cell wall loosening for expansion or cell separation remains mysterious. 

To our knowledge, only a few mutants in Arabidopsis actually show a dramatic cell adhesion 

defect phenotype that can be observed at the seedling level. These are quasimodo1 (Bouton et 

al., 2002), quasimodo2 (Mouille et al., 2007) and friable1 (Neumetzler et al., 2012).  

As described above (Experimental insights on the polysaccharides responsible for cell 

adhesion, III.) quasimodo1 and quasimodo2 mutations both affect putative HG synthesis 

enzymes. In addition another alleles of qua2 was found in a genetic screen as tumorous 

development2 (tsd2) (Krupková et al., 2007), and another one as oversensitive to sugar1 

(osu1) (Gao et al., 2008). The straightforward explanation for the cell adhesion defect of the 

quasimodo mutants is the potential disruption of the middle lamella due to the decreased HG 

synthesis and content. Differentiation leading to the tumorous development (tsd2) and 

metabolic stress revealed by the sucrose sensitivity (osu1) could originate from an impaired 

cell to cell communication, metabolite and signaling factors usually transmitted through the 

apoplasm or plasmodesmata. But the link between HG content and cell adhesion is not so 

clear and the decrease observed in quasimodo may not actually be directly responsible for the 

cell adhesion defect. Indeed other mutants are affected in HG content at a similar level and 

are not defective in cell adhesion, such as pme3 (Guénin et al., 2011), irx8 (Persson et al., 

2007) and PGX1 (Xiao et al., 2014). Additionally the other cell adhesion defective mutant 

friable1 is not affected in HG content while its cell adhesion defect is strikingly similar to 

quasimodo (Neumetzler et al., 2012).  

This mutant is affected in a putative o-fucosyltransferase and although the substrate of this 

putative glycosyl transferase has not been elucidated yet, its putative function is to transfer a 

fucose onto a protein. In the case of this mutant the cause of the cell adhesion defect remains 

mysterious but one of the main change observed is a lower degree of methyl esterification of 

the HG and higher PME activity.  
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We now begin to have a detailed knowledge of how cell separation is tightly controlled. 

Although the maintenance of cell adhesion seemed like a passive phenomenon, more and 

more evidences are starting to indicate that it is not, and that there is likely a tight control for 

the maintenance of cell adhesion. However we know very little about this point but future 

research on this aspect should start to resolve what dynamically maintain cell adhesion in 

plants. 

 

 

V) Conclusion 
 

Cell adhesion in plants is generally seen as a very basic and static process. Cell adhesion is set 

up after cell division and the cells remain attached throughout the plants life, except for the 

few ones that undergo separation. The structural features of cell adhesion are starting to be 

well defined as well as the importance of the different polysaccharides forms and cross-links. 

The cell separation events are also starting to be very well understood on a molecular point of 

view. But probably two aspects that have been largely unexplored are the origins of plant cell 

adhesion, and the control of the maintenance of cell adhesion.  Future research on these 

aspects promises to be very exciting and should greatly extend our understanding of cell 

adhesion in land plants. 
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Part II:  

Problematic, experimental design and objectives of the thesis. 
 

The focus of the research that is carried out in the laboratory that I integrated for my PhD 

consist in the study of the synthesis and remodeling of the primary cell wall of the plant and 

the role that it has in the growth and the development of the plant.  

In the last couple of years, part of the research that has been carried out in this lab has focused 

on the characterization of two mutants affected in cell adhesion: quasimodo1 and 

quasimodo2. As described in the first part of this chapter, in addition to the cell adhesion 

defect, these mutants have a reduced content of homogalacturonan (the main form of pectin) 

in their cell wall. The identification and the study of the genes affected in both of these 

mutants led to the conclusion that QUA1 is a putative galacturonosyltransferase of the GT8 

family of glycosyltransferases (Bouton et al., 2002) and QUA2 a putative pectin 

methyltransferase (Mouille et al., 2007). Both mutants have a similar phenotype, and similarly 

affect HG content in the cell wall. In addition these types of enzyme are known to usually act 

in complex. These observations thus brought up a model in which QUA1 and QUA2 act in 

complex to synthesize highly or fully methyl esterified HG in the Golgi apparatus before 

deposition to the cell wall. The loss of cell adhesion was thus easily attributable to the defect 

in HG synthesis and the likely disruption of the middle lamella.  Thus both establishing the 

function of these genes in pectin synthesis and confirming the importance of pectins in cell 

adhesion. However the quasimodo mutants are not only affected in cell adhesion. One allele 

of the gene QUASIMODO2 was isolated in a genetic screen as tumorous shoot development2 

(Krupková et al., 2007)  for developing an abnormal callus instead of the normal leaves and 

stem in certain conditions. Another allele of QUASIMODO2 was identified in another genetic 

screen as oversensitive to sugar1 (Gao et al., 2008). These pleiotropic phenotypes questioned 

us on the effect that the loss of cell adhesion or the deficiency in HG, could have on the 

plant’s development and metabolism. 

In addition, other mutants are deficient in HG content in their cell wall (Guénin et al., 2011; 

Persson et al., 2007; Xiao et al., 2014) but are not affected in cell adhesion, which questions 

the actual link between HG content and cell adhesion. The recent identification of friable1 a 

mutant affected in cell adhesion, but not in HG content (Neumetzler et al., 2012), added even 

more consideration to the question. 
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Things may be more complicated than what the initial characterization of QUA1 and QUA2 

predicted, and should implicate other molecular players responsible for the cell adhesion 

defect as well as for the other pleiotropic phenotypes. 

 

Our main strategy to try to answer these questions was to use a classical but very powerful 

forward genetic approach. An EMS mutagenesis of the mutants qua1 and qua2 was carried 

out and a screening for suppressor mutant was undertaken before I integrated the lab. The 

main part of my PhD has consisted in the identification of the causal mutation that was 

responsible for the suppression of the cell adhesion defect and sucrose sensitivity in a couple 

of the lines isolated from the screen. I then undertook the characterization of the function of 

one of these genes and set up experiments to try to understand its role in cell adhesion. 

A second approach added during the course of my PhD was the realization of a chemical 

genomic suppressor screen. The purpose of the screen was the identification of small 

molecules that could restore either the cell adhesion defect, the sensitivity to sucrose or both 

phenotypes observed in the quasimodo mutants. This approach can be considered as 

complementary to the classical genetic approach since the small molecules can affect the 

function of genes that are not usually isolated in genetic screening due to functional 

redundancy or lethality. The goal then was to try to identify what were the protein targets of 

these small molecules and similarly to the genetic screen, identify their role in cell adhesion. 

 

In conclusion, the general objective of my thesis was to identify the function of new 

molecular player implicated in cell adhesion and understand how affecting their function 

impact cell adhesion in plants. 
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Chapter II:  
Genetic dissection of the cell adhesion 
mechanisms 
 



	   33	  

Preamble: 

As the main part of my PHD project I undertook the identification of the suppressor loci of 

the mutants quasimodo1 and quasimodo2 that were isolated from a genetic suppressor screen. 

The screening consisted in the isolation of suppressor lines that restored the sensitivity of the 

mutants to a high sucrose content in the medium, with the idea that these suppressor line 

would also have a restoration of the cell adhesion or not. I carried out the partial genetic 

mapping and sequencing of 7 of the suppressor lines and finally focused on two of these lines 

that were allelic. This second chapter focuses on the identification and characterization of 

ESMERALDA1 (ESMD), a genetic suppressor locus of the mutants quasimodo1 and 

quasimodo2.  

In the first part of this chapter I describe the genetic suppressor screen, the identification of 

ESMD1 and a genetic analysis of the different mutants affected in cell adhesion, which led us 

to the conclusion that the cell adhesion in plants should be under the control of a feedback 

from the state of the pectin in the cell wall. *  

In the second part I report a number of additional work that I have carried out in order to 

unravel the molecular function of ESMD1, as well as a number of experiments and 

phenotypic analyses of quasimodo and its suppressor that were performed in order to better 

understand the pleiotropic phenotypes of quasimodo and how the suppressor mutation can 

restore cell adhesion. 

 

 

 

 

 

 

 

*The first part of this part of the chapter is written under the form of a publication and will be 

submitted for publication after minor changes and the addition of a complementary 

experiment. 
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Summary 
 

Cell to cell adhesion in plants is mediated by a polysaccharidic cell wall and the presence of a 

pectin-rich middle lamella (Jarvis et al., 2003). The deficiency in pectin synthesis was 

previously shown to lead to a loss of cell adhesion (Bouton et al., 2002; Mouille et al., 2007). 

However recent work indicated that the loss of cell adhesion could happen without a pectin 

synthesis deficiency (Neumetzler et al., 2012) and that the pectin deficiency did not always 

lead to a loss of cell adhesion (Persson et al., 2007; Xiao et al., 2014; Guénin et al., 2011). We 

carried out a genetic suppressor screen of the pectin deficient and cell adhesion defective 

mutants quasimodo1 and 2, and a genetic analysis of the different mutants affected in cell 

adhesion. Our results demonstrate that indeed the loss cell adhesion is not directly linked with 

a decreased pectin content in the cell wall and instead is correlated with an altered pectin-

related signaling. Two of the mutants studied affect putative O-fucosyltransferase that may 

directly affect the function of pectin sensing receptor-like kinases. Our results suggest that the 

state of cell adhesion is under the control of a feedback loop positively or negatively 
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influencing cell adhesion. Such a mechanism could act in the modulation of the cell adhesion 

strength in order to ease the correct coordination of growth and development. 

 

Results  
 

Forward genetic suppressor screen for the restoration of cell adhesion in the quasimodo 

mutants 

 

Compared to animals, cell adhesion in plants is usually described as a relatively passive 

phenomenon. A new cell wall is set during cytokinesis between two daughter cells, and from 

that point cell adhesion may be maintained thanks to the crosslinking of the polysaccharides 

forming a continuum between the two adjacent cells (Jarvis et al., 2003). Pectins, and 

particularly homogalacturonan (HG) may play an important role in cell adhesion since it is the 

main component of the middle lamella, the interface between the two adjacent cell’s cell 

walls, and it’s structure is particularly suited for cross linking (Willats, 2001). Mutations in 

QUASIMODO1/GAUT8 and QUASOMODO2/TSD2/OSU1 genes, respectively a putative 

galacturonosyltransferase of the GT8 family of glycosyltransferases (www.cazy.org), and a 

putative pectin methyltransferase, lead in both cases to a 50% reduction in HG content and a 

clear cells detachments phenotype (Bouton et al., 2002; Mouille et al., 2007). Additionally 

these two mutants are very sensitive to carbon/nitrogen imbalance (Bouton et al., 2002; Gao 

et al., 2008), and have a tendency to develop callus instead of normal leaves and stems 

(Krupková et al., 2007). But the link between HG content and cell adhesion is not so clear and 

the decrease observed in quasimodo may actually not be responsible for the cell adhesion 

defect directly. Indeed other mutants or overexpressor lines are affected in HG content at a 

similar level and are not defective in cell adhesion such as pme3 (Guénin et al., 2011), irx8 

(Persson et al., 2007) and PGX1 (Xiao et al., 2014). Additionally another cell adhesion 

defective mutant, friable1 is not affected in HG content while its cell adhesion defect is 

strikingly similar to the one of Quasimodo (Neumetzler et al., 2012). In order to better 

understand what controls cell adhesion in plants and to identify new molecular players 

implicated in this process, we have carried out a forward genetic suppressor screen of the cell 

adhesion defective mutants quasimodo. qua1-1 and qua2-1 mutant lines exhibiting a similar 

phenotype of cell adhesion defect and a high sensitivity to sucrose were EMS mutagenized. 

As a primary screening, M2 seeds of both of these lines were grown on a high sucrose (3%) 
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medium and suppressor lines were screened for a restored growth and greening under these 

conditions (figure 1A, Col-0, qua2-1, qua2-1/esmd1-1). We then checked for restored cell 

adhesion among the different suppressor lines (figure 1 B, C, D), consistency of the 

phenotype at the M3 generation, and the presence of a single recessive suppressor locus. We 

have isolated a set of esmeralda mutants affecting different loci. Here we report the 

characterization of ESMERALDA1, one of the suppressor locus, and its implication, along 

with other previously described molecular players, in the control of cell adhesion. 

 

ESMERALDA1 and FRIABLE1 are putative O-fucosyltransferases with antagonistic 

effects on cell adhesion  

 

A combination of genetic mapping and whole genome sequencing of the different suppressor 

lines allowed us to identify two independent alleles of a suppressor locus that we named 

ESMERALDA1 (Figure S1 and S2). One of the alleles (esmd1-2) was found as a suppressor of 

qua1-1 and the other one (esmd1-1) as a suppressor of qua2-1. ESMERALDA1 belongs to a 

group of 39 arabidopsis proteins possessing a predicted O-fucosyltransferase domain (Pfam 

ID number PF10250) related to the GT65 family of glycosyltransferases (Hansen et al., 2009; 

2012; Neumetzler et al., 2012; Wang et al., 2012). In vivo observation of a GFP tagged 

version of the ESMD1 protein as well as colocalization experiments revealed a Golgi 

localization of the protein, consistent with a glycosyltransferase function (Figure S3). This is 

also consistent with other members of this putative O-fucosyltransferase family that have 

been experimentally demonstrated to localize to the Golgi apparatus (Parsons et al., 2012; 

Dunkley et al., 2004; 2006; Neumetzler et al., 2012; Wang et al., 2012). 

FRIABLE1 (At5g01100) is another member of the putative O-fucosyltransferase family. 

Interestingly, as mentioned above, the friable1 mutant reveals a cell adhesion defect at the 

seedling level strikingly similar to that of quasimodo (Neumetzler et al., 2012). To our 

knowledge this is the only other arabidopsis mutant published to date, along with qua1 and 

qua2, described with such a striking cell adhesion defect phenotype at the seedling level. We 

thus decided to test whether the defects observed in frb1 and quasimodo were genetically 

related and if esmd1 could also restore the frb1 defects. Crosses were made to obtain the 

double and triple mutants (figure 1 A-I). qua2-1, frb1-2 and qua2-1/frb1-2 mutants show a 

clear cell adhesion defect as revealed by the Ruthenium red staining (figure 1 C, F and H) and 

a high sensitivity to sucrose compared to the wild type as revealed by the reduced growth and
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Figure 1: qua2, frb1 and esmd1 affect cell adhesion and pectin signaling in a same pathway and 
independently from HG content in the cell wall 
(A-I) Phenotype of col-0, qua2-1, qua2-1/esmd1-1, esmd1-1, frb1-2, frb1-2/esmd1-1, qua2-1/frb1-2, qua2-
1/frb1-2/esmd1-1 : (A) Light grown seedlings on a 0.2% agarose and 3% sucrose medium similar to the 
suppressor primary screening conditions and (B-I) Close up view of the dark grown hypocotyls stained with 
ruthenium red in order to reveal the cell adhesion defect. The principle of the Ruthenium red staining here is that 
the cell separation creates ruptures in the continuity of the hydrophobic cuticle, which directly exposes the cell 
wall and allows the entry and binding of the ruthenium red, thus highlighting the cell adhesion defect. esmd1-1 
suppresses the phenotype of qua2-1, frb1-2 and the double mutant qua2-1/frb1-2, and qua2-1/frb1-2 does not 
seem to show an additive phenotype compared to either qua2-1 or frb1-2 alone. (J) Galacturonic acid content 
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(constitutive monomer of homogalacturonan (HG)) measured on a HG enriched cell wall extracts from col-0, 
qua2-1, qua2-1/esmd1-1 and esmd1-1. The HG deficiency of the qua2-1 mutant is not restored by esmd1-1. 
(K) Basal expression levels of FADLox in col-0, qua2-1, qua2-1/esmd1-1 and esmd1-1 seedlings. All relative 
expression is expressed in fold change relative to col-0. These relative expression levels of FADLox indicate that 
there is a pectin related signal induced in qua2-1 that is restored to a wild type level by the suppressor esmd1-1. 
The values shown in (J) and (K) are average and standard deviation of three biological replicates. * indicates a 
significant difference (t-Test, p<0.05) with the col-0 sample.  
 
 
 
anthocyanin accumulation (figure 1 A). Interestingly the double mutant qua2-1/frb1-2 (figure 

1 H) does not seem to show an additive phenotype compared to each single mutant (figure 1 

A, C and F). Although these observations are not quantitative, they seem to indicate that 

qua2-1 and frb1-2 are likely affected in the same pathway. The double mutants qua2-

1/esmd1-1, frb1-2/esmd1-1 and the triple mutant qua2-1/frb1-2/esmd1-1 showed a clear 

restoration of the phenotype (figure 1 A, D, G and I), indicating that a mutation in the ESMD1 

locus is sufficient to prevent the apparition of the cell adhesion defect and sucrose sensitivity 

induced by a mutation in QUA2, FRB1 and even in the double mutant. 

These results reveal an antagonistic effect of the mutation of these two putative O-

fucosyltransferases on cell adhesion. They also reveal that qua2, frb1, esmd1 and certainly 

qua1 affect cell adhesion in a same pathway. 

 

Cell adhesion is uncoupled from HG content 

 

The quasimodo mutants are defective in HG content in their cell wall and this difference in 

quantity seemed to explain quite well the loss of cell adhesion. However it is not the case for 

the other cell adhesion defective mutant frb1 as was previously demonstrated by Neumetzler 

et al (2012). We thus wanted to determine if the restoration of cell adhesion in the double 

mutant qua2-1/esmd1-1 was accompanied with a restoration of HG quantity in the cell wall or 

not. Galacturonic acid content was measured in a HG enriched cell wall fraction from 5 days 

old dark grown hypocotyls of the different lines. This measurement revealed that the specific 

HG defect of qua2 was not restored in the suppressor line (figure 1 J) indicating that the 

restoration of the cell adhesion is not due to a restoration of the HG content. Interestingly this 

result indicates that like in frb1, the decrease in HG content of the cell wall of qua2 is not 

directly correlated with the loss of cell adhesion. 

 

Overall esmd1 and frb1 mutants have an antagonistic effect on cell adhesion that is 

independent from the HG content in the cell wall. So the question is: What is the actual 
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function of these putative O-fucosyltransferases and how can we explain their role in cell 

adhesion? 

 

 

 

Figure 2: Potential substrates of ESMERALDA1 and FRIABLE1 
UniProtKB/Swiss-Prot database search reveal four classes of proteins harboring EGF-like domains: The Wall-
Associated Kinases (WAK), the WAK-like, the S-domain RLK (SRK) and the Vacuolar Sorting Receptors 
(VSR). These EGF-like domains are the potential substrates of the putative O-fucosyltransferases 
ESMERALDA1 and FRIABLE1, however, only the WAKs and some of the SRK actually have the conserved 
site for O-fucosylation. 
GUB-WAK: GalactUronic acid Binding domain - Wall-Associated Kinases; PA: Protease associated domain. 
The drawing of each protein type/family is intended to be an average representative structure, but variations exist 
within families (see table S1). Also not all the proteins considered as part of these families had conserved EGF-
like domains (e.g. there are 21 WAK-like but only 19 have EGF-like) 
 
 

ESMD1 and FRB1 putative function is to transfer fucose onto Epidermal Growth 

Factor-like repeats 

 

O-fucosyltransferases in animals have been demonstrated to be responsible for adding a 

fucose to Epidermal Growth Factor (EGF)-like repeats (GT65, poFUT1) (Wang et al., 2001) 

or to  ThromboSpondin type 1 Repeats (TSR) (GT68, poFUT2) (Luo et al., 2006). In a 

number of proteins containing these domains, the presence of this glycosylation is necessary 

for the correct function of the protein. It participates in protein-protein interaction and is the 

substrate for further glycosylation affecting the specificity of interaction with one protein 

partner or another (Takeuchi and Haltiwanger, 2014). These EGF and TSR domains have six 
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conserved cysteines that are required for disulfide bridges formation and provide the three 

dimensional structure to the domains. This structure is necessary for the glycosyltransferase 

recognition and fucose transfer (Lira-Navarrete et al., 2011). O-fucosylation happens on a 

serine or a threonine, and the conserved sequences found around the glycosylation site have 

been identified. For example in the case of the EGF-like repeats, the conserved sequence is 

C2-X(3-5)-S/T-C3, where C2 and C3 are the second and the third conserved cysteines of the 

domain, X can be any amino acid and O-fucosylation occurs on the conserved serine or 

threonine next to the third conserved cysteine (Shao and Haltiwanger, 2003; Takeuchi and 

Haltiwanger, 2014). 

ESMD1 and FRB1 are predicted as putative O-fucosyltransferases for two reasons: They are 

part of the superfamily of fucosyltransferases (Hansen et al., 2009), which is characterized by 

the conservation of three peptide domains which seem to be relevant for the specificity of the 

protein for transferring fucose, and not another sugar (Martinez-Duncker et al., 2003) (figure 

S2). The second reason is that they have a conserved GDP-fucose protein O-

fucosyltransferase signature (IPR019378; figure S2) that indicates that they should indeed 

glycosylate the same type of substrate as poFut1 or poFut2 (EGF, TSR, or other similar 

domains that could be found in plant proteins). ESMD1 and FRB1 are in a subgroup of the 

arabidopsis family of putative O-fucosyltransferases that is more related to the GT65 (Hansen 

et al., 2012; Wang et al., 2012) so they are more likely to be able to glycosylate EGF-like 

repeats. 

Interestingly, while we were not able to find arabidopsis proteins containing TSR domains, 

we found a number of proteins containing EGF-like repeats (figure 2 and table S1). Based on 

the manually annotated and reviewed protein database UniProtKB/SwissProt 

(www.uniprot.org), these domains seem to be only present on proteins belonging to the very 

large family of the Receptor-Like Kinases (RLK) and Receptor-Like Proteins (RLP). There 

are EGF-like repeats on the Wall-Associated Kinases (WAKs) (5 members with 2 domains 

each), the WAK-like (19 members with usually 2 truncated domain each, and 2 member 

without EGF-like domains), the G-type lectins S-domain RLK (SRK) (37 members with 1 

domain each), and on the Vacuolar Sorting Receptors (VSR) (7 members with 3 domains 

each) (Figure 2). All these domains are located in the N-terminal extracellular part of the 

proteins, which makes them accessible to the membrane bound, and Golgi localized putative 

O-fucosyltransferases. In order to narrow down which of these proteins could be the substrate 

of our two glycosyltransferases we analyzed the different EGF-like sequences found on these 

proteins (figure 2 and file S1). Only a few of these domains actually have the conserved C2-
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X(3-5)-S/T-C3 O-fucosylation site that is the potential substrate for the putative O-

fucosyltransferases. Interestingly, along with some of the SRK, the 5 WAKs could be the 

substrates of ESMD1 and FRB1 since nine out of ten of these EGF-like domains present on 

the WAK1 to 5 have the conserved O-fucosylation site (figure 2). In addition the two EGF-

like sites present on the WAKs are slightly different. The one on the N-terminal side is a 

classical EGF-like domain, while the one on the C-terminal side is annotated as a calcium 

binding EGF-like domain. This could correlate with two different enzymes to glycosylate the 

two different sites.  

The WAKs are also particularly good candidates in our case since they are known to bind to 

the pectins (Wagner and Kohorn, 2001; Decreux and Messiaen, 2005; Decreux et al., 2006) 

and to transduce a signal upon treatment with small pectin fragments (Kohorn et al., 2006; 

2009; Brutus et al., 2010). In addition an overexpressed dominant active WAK2 construct was 

shown to loose it’s activity when the construct was modified by a point mutation in a cysteine 

affecting one of its EGF-like domains (Kohorn et al., 2012). Finally, the absence of fucose in 

the plant was shown to affect the intracellular trafficking and secretion of a WAK1-GFP 

fusion protein at the plasma membrane in leaf mesophyll protoplasts (Kohorn, 2006). 

 

quasimodo and esmeralda1 mutations affect pectin related signaling 

 

Due to the atypical biochemical properties of the WAKs (tight linkage to the cell wall, as 

reported in He et al., 1996) we have not been able to characterize the glycosylation state of 

the WAKs yet, neither to determine whether ESMD1 and FRB1 were the O-

fucosyltransferases of these domains. In addition, the five WAKs have been shown to be at 

least partially redundant in function since single mutants have barely any phenotype, while 

the knockdown of the five WAKs impairs growth (Wagner and Kohorn, 2001; Lally et al., 

2001; Kohorn et al., 2009). The fact that they are arranged in tandem on the genome (He et 

al., 1996), makes it impossible to create multiple mutant lines and study by basic genetic 

approaches their implication in our case. However we wanted to test if the mutations in these 

genes could affect the signaling that is mediated by the WAKs. To determine this we analyzed 

the expression levels of a gene known to be responsive to pectins via a perception of a cell 

wall signal by the WAKs: FAD-LINKED OXYDASE (FADLox) (Denoux et al., 2008; Kohorn 

et al., 2014). We thus looked at the expression of this gene in our wild type, qua2-1, qua2-

1/esmd1-1 and esmd1-1 lines (Figure 1 K). The results show that FADLox expression is 
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approximately 5 fold upregulated in qua2-1 compared to the wild type, the suppressor line 

and esmd1-1 (Figure 1 K). Interestingly it is a comparable level to what was observed in the 

dominant active WAK2cTAP overexpressor line reported in Kohorn et al. (2014). Similarly 

they showed that suppressor mutations of the phenotype of this overexpressor lines had a 

level of FADLox back to a wild type level. This result indicates that there is actually a 

constitutive pectin-related signal induced in quasimodo and that it is likely through the 

WAKs. The suppressor mutation in ESMD1 also suppresses the induction of this signal, and 

ESMD1 may directly affect the function of the WAKs. In such a case the absence of the 

glycosylation mediated by ESMD1 on a WAK EGF-like domain, could affect the capacity of 

the WAKs to normally transduce the signal.  

 

Discussion 
 

Our original understanding of the cell adhesion defect in quasimodo was that the decreased 

HG content in the cell wall was responsible for the disruption of the middle lamella which as 

a consequence led to the loss of cell adhesion. However mutation in ESMD1, a putative O-

fucosyltransferase can restore the cell adhesion without restoring the HG content. Using a 

genetic analysis including friable1, a mutant defective in cell adhesion and also affected in a 

putative O-fucosyltransferase, we were able to demonstrate that the esmd1 and frb1 mutations 

induces an antagonistic effect on cell adhesion. It also indicates that qua1, qua2, frb1 and 

esmd1 affect cell adhesion via a same pathway that is independent from the HG content in the 

cell wall.  

Investigation on the putative function of ESMD1, and FRB1 led us to the hypothesis that they 

should be O-fucosyltransferase of the EGF-like domains that are present of the WAK receptor 

like kinases (RLK). Another hypothesis is that the SRK RLK could also be the substrate of 

this kind of putative O-fucosyltransferases since some of the SRK members also have a 

conserved O-fucosylation site. However the WAKs are better candidates in our case due to 

their implication in pectin perception. Although we have not been able yet to characterize the 

glycosylation state of the WAKs, neither to determine whether ESMD1 and FRB1 were the 

O-fucosyltransferases of these domains, we did show that a pectin stress related signal typical 

of what is perceived and transduced by the WAKs, was induced in qua2 and restored by the 

suppressor esmd1-1. On this basis we speculate that it is the activation of a WAK-mediated 
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signaling pathway related to the pectin defect in quasimodo that in the end induces cell 

separation in the mutant.  

 

 
Figure 3: cell adhesion control feedback loop: A working model 
The state of cell adhesion is suggested to be under the control of a feedback loop positively or negatively 
influencing cell adhesion. Such a feedback mechanism could be mediated by the WAKs, sensing mechanical 
cues by their tight attachment to the HG, as well as perceiving the degradation state of the cell wall under the 
form of Oligogalacturonans. This perception may induce the expression of cell wall remodeling enzymes in 
order to degrade the middle lamella and lead to cell separation, or repress their expression in order to maintain 
cell adhesion. The consequence of these cell wall modifications can then be perceived by the WAKs thus closing 
the loop. In this model the function of ESMD1 and FRB1 at a molecular level remains to be fully understood, 
but their disruption affect the signaling of the WAKs (frb1) transducing a signal leading to cell separation or 
negatively (esmd1) preventing the induction of cell separation 
 
 

 

Interestingly this situation is reminiscent of recent studies that have shown that some of the 

phenotypes primarily described in cell wall mutants were actually the result of cell wall 

integrity sensing leading to a disturbed growth and development (Hématy et al., 2007; Wolf et 

al., 2012b). For example the mutant procuste1 that is affected in the cellulose synthase CesA6 

and is deficient in cellulose shows a striking reduction of growth (Fagard et al., 2000). The 

decreased cellulose content in the cell wall seemed to explain very well a direct physical 

limitation of growth. However it was shown that a mutation in the THESEUS1 receptor like 

kinase could suppress this growth defect, and that it was in fact the perception of the cell wall 
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state by this receptor that was inducing the inhibition of growth (Hématy et al., 2007). It 

demonstrated that the cellulose deficiency in the mutant was not the limiting factor and that in 

fact there was a true control and regulation of the growth by a cell wall integrity sensing 

mechanism. Our observations imply that similarly to the existence of an elongation control 

mechanism by the feedback of the cell wall state, there seems to be a cell adhesion control by 

the feedback of the pectin state. Such a feedback mechanism mediated by the WAKs, sensing 

mechanical cues by their tight attachment to the HG, as well as perceiving the degradation 

state of the cell wall under the form of Oligogalacturonans (small pectin fragments), could 

prevent cell separation when it is not wanted or trigger it when necessary (figure 3). In this 

model the function of ESMD1 and FRB1 at a molecular level remains to be fully understood, 

but their disruption should affect the signaling of the WAKs by inducing a signaling leading 

to cell separation (frb1) or by preventing the induction of cell separation (esmd1). The fact 

that in a quasimodo or frb1 background there is an induction of cell separation, reveals the 

capacity of the plant to trigger cell separation throughout its tissues. We can assume that the 

decrease in HG content in quasimodo is very likely a situation that the plant (Arabidopsis 

thaliana) faces only in specific situations. This modification of the cell wall state could mimic 

a situation where such a cell separation mechanism is necessary. This mechanism could allow 

the modulation of cell adhesion strength between adjacent cells in order to ease the correct 

coordination of growth and development for morphogenesis.  
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Experimental procedures 
 

Plant material and growth conditions 

 

Arabidopsis thaliana seedlings were grown at 20°C on solid custom made Duchefa 

(www.duchefa-biochemie.com/) medium with various agarose and sucrose concentration 

depending on the experiment. The seeds were cold-treated for 48 h to synchronize 

germination, and the plants were grown in a 16 h light/8 h dark cycle. For dark growth 

conditions, seeds were exposed to light for 4 h to induce germination, after which, the plates 

were wrapped in three layers of aluminum foil. Seedling age was counted starting from the 

light exposure. 

The qua1-1 (Bouton et al., 2002) and frb1-2 (Neumetzler et al., 2012) T-DNA insertion lines 

were genotypes using the primers described in their reference publications. qua2-1, esmd1-1 

and esmd1-2 EMS induced SNPs were genotyped by High Resolution Melt analysis (HRM) 

(Vossen et al., 2009) on a CFX Connect™ Real-Time PCR Detection System (Bio-Rad) with 

a 0.2°C resolution for the melt curve acquisition. The PCR amplification was carried out prior 

to the fluorescence detection, with a classical thermocycler, PCR reaction mix and protocol, 

but supplemented with the Evagreen® intercalating fluorescent dye (Bio-Rad). 

qua2-1 H FW (5’-TGTACCTCTGGACGAAGCAA-3’) 

qua2-1 H RV (5’-GCCCCGAAAAACATGTCTAC-3’) 

esmd1-1 H FW (5’-TCTGTGTTCAGAATTTCTCTTCCA-3’) 

esmd1-1 H RV (5’-TGCGTGGTCACAAATACCTC-3’) 

esmd1-2 H FW (5’-TTGCCTGAGTCAAACGGTTA-3’) 

esmd1-2 H RV (5’-ATCAACAAACCCACCGATGT-3’) 

 

Mutagenesis and genetic suppressor screen 

 

Approximately 15.000 seeds of quasimodo1-1 (Bouton et al., 2002) and 15.000 seeds of 

quasimodo2-1 (Mouille et al., 2007) were EMS mutagenized (Kim et al., 2006). M1 plants 

were bulked in groups of 100-150 and M2 seed were screened on a low agarose (0.2%) and 

high sucrose (3%) medium. Clear suppressors of the quasimodo phenotype were transplanted 

to the greenhouse. Suppressor lines were further genotyped for the presence of the 

quasimodo1-1 or quasimodo2-1 mutation and progeny was tested for the consistency of the 

suppressor phenotype. Suppressor lines were backcrossed twice with either qua1-1 or qua2-1 



	   46	  

and F2 progeny’s segregation of the suppressor phenotype was tested after the second 

backcross.  

 

Genetic mapping, whole genome sequencing and identification of ESMD1 causal mutation 

 

Genetic mapping was carried out using an outcross population with an allelic quasimodo 

mutant of a diverging ecotype. qua1-1 (WS) suppressors were outcrossed with qua1-3 (col-0, 

EMS), and qua2-1 (col-0) suppressors were outcrossed with qua2-3 (WS, flag_256B11). 

Populations of 96 F2 suppressors were used to map the localization of the suppressor loci. 

Whole genome sequencing was either carried out on homozygous non backcrossed lines or on 

a pool of F2 suppressors seedlings from a backcross population (with qua1-1 or qua2-1 

depending on the suppressor line) (James et al., 2013). The DNA of about 200 pooled F2 

suppressor seedlings was extracted using a Cetyltrimethylammonium Bromide (CTAB) 

extraction. RNA was degraded using RNase and the DNA was further purified using the 

DNeasy plant mini kit (qiagen). Sequencing of the DNA was carried out at The Genome 

Analysis Centre (TGAC, Norwich, UK). We then proceeded to the analysis of the sequencing 

data using the SHORE (Ossowski et al., 2008) and SHOREmap (Schneeberger et al., 2009) 

pipelines for the identification of the SNPs, indels and the analysis of their frequency for the 

bulk segregant analysis. Mapping of the short reads on the reference genome of col-0 TAIR10 

(http://www.arabidopsis.org/) was processed by the GenomeMapper algorithm. The 

background mutations from the qua1-1 or qua2-1 line used for mutagenesis were removed 

from the analysis by subtracting the common mutations identified after sequencing of at least 

two independent suppressor lines. The SNP output was first filtered for EMS induced specific 

mutations (transitions) with a >8x coverage, >0.75 frequency and >25 SHORE score. The 

genetic mapping interval was thoroughly checked for potential mutations of interest filtered 

out, such as low coverage mutations, non EMS specific SNPs and indels. Relevant SNPs were 

further confirmed by sanger sequencing of an amplicon surrounding the SNP. 

In an initial attempt to determine the locus of ESMERALDA1 by genetic mapping we were 

able to localize the locus to a 485Kb zone at the top of chromosome 2 between the positions 

208.000 and 693.000. Whole genome sequencing of pooled F2 suppressors from a qua2-1-

based backcross population led to the identification of seventeen homozygous mutations at 

the top of chromosome 2, consistent with the classical mapping approach (figure S1). Only 

two of the identified mutations were within the restricted genetic mapping interval and only 

one was intragenic and non synonymous. The combination of both approaches led to the 
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identification of At2g01480, a putative O-fucosylransferase, as the best candidate for the 

suppressor locus of qua2-1 (figure S1). The mutation is a G to A transition at the position 

+1363 of the coding sequence resulting in an Alanine to Threonine change of the 455th amino 

acid of the protein.  

Whole Genome sequencing of other suppressor lines from the qua1-1 and qua2-1 suppressor 

screen identified a second allele of this gene in a qua1-1 suppressor line. Rough genetic 

mapping of this suppressor line indicated that the suppressor locus segregated with the top 

arm of chromosome 2, consistent with the mutation in ESMD1. The esmd1-2 mutation is a G 

to A transition at the position +509 of the coding sequence resulting in an Arginine to 

Glutamine change of the 170th amino acid of the protein (figure S2).  

 

A ConSeq analysis (Berezin et al., 2004) of the conserved structural and functional domains 

of the protein, based on the 13 closest related members of the putative O-fucosyltransferase 

family of Arabidopsis thaliana, as selected by the “homolog search algorithm” of the server 

and based on the full length amino acid sequence of ESMD1, indicated that both mutations 

found in esmd1-1 and esmd1-2 affect very conserved domains of the protein with respectively 

a predicted structural and functional role for the protein (figure S2). Additionally esmd1-1 

mutation falls within the third conserved peptide domain of the fucosyltransferase 

superfamily (Hansen et al., 2009; figure S2) and esmd1-2 mutation is adjacent to a conserved 

signature motif of the O-fucosyltransferase family (PF10250) (Hansen et al., 2012; figure S2). 

Both mutations are thus very likely to affect the structure or catalytic activity of the protein, 

confirming the implication of these mutations in at2g01480 as the causal mutations. 

 

Generation of p35S::ESMD1:GFP, N.Benthamiana leaf infiltration and confocal microscopy. 

 

Constructions were made following the gateway strategy (Invitrogen, http:// 

www.invitrogen.com) as described in the gateway technology instruction manual from the 

Gateway cloning kit. Full length genomic sequence from the traduction initiation site to codon 

just before the stop codon of ESMD1 was PCR amplified form col-0 using attB flanked 

primers and the Phusion High-fidelity DNA polymerase (Thermo Fischer Scientific; Cat. No. 

F-530S).  

ESMD1attB1 (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTATATGCTAGCGAAGAATCGG-3’) 
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ESMD1attB2 (5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTTGGTGGCAGGAGGTGGTCTC-3’) 

The PCR product was first recombined into the pDONR207 donor vector and later in the 

pGWB5 destination vector placing the gene under the CMVp35S promoter and in frame with 

a C-terminal GFP. After each steps the constructs were transformed into E. coli for 

amplification and the sequences were verified. Finally they were transformed into the C58 

strain of A. tumefaciens for transient expression in N. benthamiana as described in (Voinnet et 

al., 2003). Co-infiltrations were made with a MannosidaseI:mCherry construct (Nelson et al., 

2007), and GFP and mRFP fluorescence was observed with a confocal microscope after 48h. 

Images were collected using a spectral Leica SP2 AOBS confocal microscope (Leica 

Microsystems, http://www.leica-microsystems.com) equipped with an argon laser. For GFP 

and mCherry constructs, excitation was performed using the argon ion laser at 488 nm, and 

fluorescence was detected at 495–540 nm (GFP) and 560–620 nm (mCherry).  

 

Galacturonic acid quantification 

 

Four biological replicates of about 350 dark grown hypocotyls per genotypes were dissected 

to remove the root and cotyledons in order to obtain about 1 mg of dry weight of hypocotyl. 

They were incubated in 100% ethanol at 100°C for 10 minutes twice and then incubated in 

100% acetone for 5 min at room temperature and air dried for 24h. Dry weight was measured 

and samples were ground in acetone and air dried. Samples were treated with 0.1 M NaOH at 

4°C overnight. After centrifugation for 10 minutes at max speed the supernatant was 

discarded and the pellet was washed twice with water. Pectins were extracted with 0.5% 

ammonium oxalate at room temperature for 2 hours. Uronic acid content was measured as 

described in (Blumenkrantz and Asboe-Hansen, 1973). 

 

RNA extraction, cDNA synthesis and qPCR quantification of gene expression 

 

Seedlings were light grown in vitro without sucrose. After 8 days the seedlings were flash 

frozen in liquid nitrogen. Three biological replicates were collected. Total RNA isolation was 

carried out with the RNeasy plant mini kit (qiagen) according to the manufacturer’s 

instruction and with the on column DNA digestion using Rnase-Free DNase (qiagen). cDNA 

was synthesized using 1 µg of total RNA and the SuperScript® II Reverse Transcriptase 
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(Invitrogen) according to the manufacturer’s instructions. Real time PCR reactions were 

performed in a CFX Connect™ Real-Time PCR Detection System (Bio-Rad) using the 

SsoAdvanced™ Universal SYBR ® Green Supermix, 25-100 ng cDNA template and 250 nM 

of each gene-specific primer in a final reaction volume of 15 µL. The primers used for 

FADLox (At1g26380) are those described in (Denoux et al., 2008). GADPH (At1g13440) 

and UBQ10 (At4g05320) were used as reference genes with the primers described in 

(Czechowski et al., 2005). Each sample reaction was run in three technical replicates. The Ct 

values of the tested genes were normalized to the reference genes and the reference-

normalized samples were then normalized to the col-0 samples and the fold change in 

expression level were calculated. Relative expression of the RT-PCR products was 

determined using the ΔΔCt method (Livak and Schmittgen, 2001). 

 

Plants EGF sequences analysis 

 

Arabidopsis thaliana proteins containing EGF-like repeats were identified from the 

UniProtKB/SwissProt manually annotated and reviewed protein database (www.uniprot.org). 

The sequences annotated as EGF were retrieved and their structure were analyzed based on 

cysteine and O-fucosylation site conservation to determine whether they were the potential 

substrates for our O-fucosyltransferases.  
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Figure S1: Mapping and sequencing strategy, and the identification of esmd1-1 
The graphs and annotations are the data obtained for the mapping and sequencing of a bulk of the segregant F2 
suppressors of the qua2-1/esmd1-1 line. The graphs are SHOREmap outputs (schneeberger et al., xxx) with 
added annotations relative to the genetic mapping done in parallel. (A) shows all the EMS canonical SNPs 
filtered for a >8x coverage, >0.75 frequency and >25 SHORE score. Each dot represents one mutation. The 
Shore score gives an idea of the quality of the sequenced reads on which the SNP call is based (25-40 are good 
to very good quality). The five graphs represent the five chromosomes of Arabidopsis thaliana, with on the x 
axis the position on the chromosome from the top to the bottom, and on the y axis the frequency of the mutation. 
The coverage is of an average of 28x. SNPs with a frequency of 1 (or almost 1) are likely linked with the 
suppressor loci. Thus the “cloud” of near-homozygous SNPs at the top of chromosome 2 defines the mapping-
by-sequencing interval. The genetic mapping interval colocalizes with the mapping-by-sequencing interval. (B) 
is a close up on chromosome 2 with both genetic mapping and mapping-by-sequencing intervals. The mapping 
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by sequencing interval is much less restrictive and contains the large centromeric region of chromosome 2. 
Centromeric regions contain highly repetitive sequences which tend to induce errors in the mapping of the short 
sequenced reads on the reference genome. This usually leads to a number of artifactual SNP called by the 
sequencing data analysis pipeline. (C) Eighteen mutations were identified on chromosome 2: Seventeen 
mutations that we consider forming  the mapping-by-sequencing interval (142.564 to 6.009.688) and two of 
them are within the genetic mapping interval. Bp: Localisation of the mutation on the chromosome, based on the 
TAIR10 reference sequence, and counted in base pairs from the top of the chromosome. Transition: nucleotide 
change induced by the mutation. Score: Shore score as described above. Coverage: Number of reads that were 
sequenced that cover this base, and on which the SNP call is based. Frequency: Frequency of those sequenced 
read that have the mutation. (D) Only one of the two mutations affect a gene and it creates an amino acid change 
of an Alanine to Threonine at the 455th amino acid of the protein sequence of At2g01480. Location: Type of 
sequence surrounding the mutation (CDS: Coding sequence). Gene ID: atg ID of the gene that is affected. Type: 
Synonymous vs Nonsynonymous. AAchange: Consequent amino acid change in the protein sequence. 
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Figure S2: ESMD1 mutant alleles and the structural and functional domains conservation 
ConSeq analysis (Berezin et al., 2004) of the conserved structural and functional domains of the protein, based 
on the 13 closest related members of the putative O-fucosyltransferase family of arabidopsis thaliana, as 
selected by the “homolog search algorithm” of the server and based on the full length amino acid sequence of 
ESMD1. Color scale for the highlighted amino acids represent their degree of conservation among the 13 related 
proteins. The letter below is a prediction of whether the amino acid is buried (b) within the 3D structure of the 
protein, or exposed (e), and when conserved, whether the amino acid may have a functional (f) or structural (s) 
role for the protein. The frames around successive amino acids show the conserved motifs of signature relevant 
for the predicted function of the protein. The red are for the GDP-fucose protein O-fucosyltransferase signature 
(IPR019378) (Hansen et al., 2012). And the blue are the peptides domains I, II and III characteristic of the 
fucosyltransferase superfamily (hansen et al., 2009). The red stars mark the two alleles esmd1-1 and esmd1-2 
position and the amino acid change. 
	  
	  
	  
	  
	  

	  
	  
Figure S3: ESMD1:GFP fusion protein accumulates in the Golgi apparatus 
Imaging of ESMD1:GFP (cyan) and the Golgi marker mannosidase I–mCherry (magenta, Nelson et al., 2007), 
co-infiltrated and transiently expressed in epidermal cells of N. benthamiana. ESMD1:GFP and our Golgi 
marker colocalize, indicating a Golgi localization of ESMD1. 
 
	  

35S::ESMD1:GFP! 35S::ManI:mCherry! 35S::ESMD1:GFP /!
35S::ManI:mCherry!
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I. ESMERALDA1 and FRIABLE1 are putative O-fucosyltransferases 
 

After the identification of the esmeralda1 locus as a putative O-fucosyltransferase, I 

undertook a number of experiments to try to demonstrate the catalytic activity of the protein 

and its homolog FRIABLE1. I also tried to determine whether the WAKs were actually O-

fucosylated on their EGF-like domains and whether they were the substrate of the two 

putative O-fucosyltransferases. Setting up and performing these experiments have taken a 

considerable amount of time, and although I did not succeed to demonstrate the catalytic 

function and identify the substrate of these proteins during the course of my PhD, this work 

has generated useful biological material and negative results. Hopefully this work will soon 

yield clear answers on the catalytic function and substrates of ESMD1 and FRB1. 

 

 

1. Are ESMD1 and FRB1 actual O-fucosyltransferases? 
 

In order to determine the catalytic function of ESMD1 and FRB1 we chose to produce and 

purify the recombinant proteins to test their activity in vitro.  

Neumetzler et al (2012) had produced a full length version of FRIABLE1 from insect cells 

and did incorporation assays on membrane protein preparations with UDP-Glc, UDP-Gal, 
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UDP-GlcA, UDP-GalA, UDP-GlcNac, GDP-Man and GDP-Fuc, but did not observe 

incorporation. Lira-Navarrete et al. (2011) had produced a soluble truncated version of the 

Caenorhabditis elegans POFUT1 (Animal O-fucosyltransferase) in Pichia pastoris purified it 

and assayed its hydrolase and glycosyltransferase activity. They were able to show that this 

enzyme transfers fucose from GDP-fucose, onto EGF-like domains. 

 

I thus constructed plasmids containing a truncated (without the transmembrane domain) 

tagged version of ESMD1 and another of FRB1. Codon optimized sequences for the 

expression in Pichia pastoris were ordered from life technologies 

(http://www.lifetechnologies.com/) and inserted into a Pichia pastoris recombinant protein 

expression vector with a N-terminal secretion factor and a C-terminal polyhistidine and c-myc 

tag (see III. Experimental procedure). 

We started a collaboration with Ramón Hurtado Guerrero’s lab (that performed the work 

described in Lira-Navarrete et al. (2011) on the catalytic activity of cePOFUT1) and sent 

them the two Escherichia coli clones containing the verified plasmids as well as the extracted 

plasmids for the ESMD1 and FRB1 constructs. They carried out the transformation of Pichia 

pastoris, the selection of transformant strains and assayed the secretion of the recombinant 

protein in the medium for 5 to 10 transformant strains per constructs. However they did not 

obtain strains secreting the soluble protein.   

The proteins may either be produced in a too small quantity, may not be secreted in the 

medium or may be aggregated in inclusion bodies. We will test whether the protein is 

produced in small quantities by determining its presence or not using a western blot analysis 

with either a polyhistidine or c-myc directed antibodies, and also check the presence of 

inclusion bodies. Based on these information we will determine which strategy to adopt for 

future work on this. 

 

 

2. Are the WAKs the substrates of ESMD1 and FRB1? 
 

Our objective was to overexpress the different WAK isoforms (WAK1 to 5) in different 

Arabidopsis thaliana mutants backgrounds. This, in order to extract and purify the 

overexpressed WAKs and determine by mass spectrometry whether or not the WAKs are O-

fucosylated on their EGF-like domain, and whether or not ESMD1 and FRB1 are the protein 
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mediating this glycosylation. Finally, if it is indeed glycosylated, the objective is to try to 

characterize the glycan(s). 

 

Overexpression, extraction and purification of the WAKs in different genetic 

background 

 

Gateway constructs containing the full length genomic sequence with a C-terminal GFP tag 

fusion and placed behind a 35S promoter (35S::WAK:GFP) were made for the WAK1 to 4 (I 

did not succeed to amplify the full length version of WAK5). Transformation was done on the 

wild type col-0 and the mutant lines qua2-1/esmd1-1, frb1-2 and mur1-1 (mutant deficient in 

GDP-fucose synthesis). The idea being that after extraction and purification, we could 

determine by mass spectrometry the presence or absence of glycosylation in the different 

genetic background. We would expect no O-fucosylation in the mur1-1 mutant due to the lack 

of fucose. Potentially two O-fucosylations, one on each EGF-like domains in the wild type. 

And the absence of one O-fucosylation or the other (in the case of two O-fucosylations), in 

qua2-1/esmd1-1 and frb1-2. This could have demonstrated the existence of O-fucosylation in 

plants, the presence of these O-fucosylations on the WAKs’ EGF-like domains and it would 

have allowed us to genetically and biochemically demonstrate that ESMD1 and FRB1 are O-

fucosyltransferases of the WAKs’ EGF-like domains. 

However, two major problems seem to have prevented us from demonstrating this by this 

approach: 

- The overexpression of the WAKs is relatively low: 4 to 6 transformant lines were tested per 

construction and genetic background. Specific WAK:GFP bands were detectable in western 

blot with analysis using an anti GFP antibody (as in figure 1, 2 or 3 for example in a Col-0 

background). However, no additional band corresponding to WAK overexpression was 

detectable on coomassie blue stained SDS-PAGE gels (data not shown). This may reveal a 

relatively low overexpression, a high degradation rate, or a low extractability. The problem of 

the extractability is addressed below. The potential degradation of the protein during the 

extraction process and handling of the protein extract could be a problem. A relatively high 

amount of WAK:GFP digestion product was consistently observed (figure 1, 2 and 3). These 

degradation products are at about 25 kDa, 35 kDA, and some higher molecular weight bands, 

while WAK:GFP fusion protein should be around 105 kDa. As shown in figure 1 the 

degradation of the high molecular weight product and the accumulation of an approximately 
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25 kDA form is considerable when the sample is first ground in water with no particular 

precautions (figure 1 lane 1 and 2). For this reason the subsequent experiments were 

performed on ice, from the tissue grinding to the extract denaturation, and the extraction 

buffer was supplemented with an anti-proteases cocktail. But even when the sample was 

directly flash frozen at harvesting, ground in Laemmli and directly boiled for ten minutes 

there was still a considerable amount of degradation product (figure 1 lane 1). This 

observation suggested that at least some of the proteins were likely degraded in the plant prior 

to extraction. 

 

 
Figure 1: WAK:GFP construct expression and extraction 
Western Blot of different extracts for 35S::WAK1:GFP transformed plants.  
In lane 1 the leaf samples were directly ground in Laemmli and boiled for 10 minutes, while in lane 2 they were 
first ground in water and then boiled in Laemmli for 10 minutes. The difference in GFP fusion protein profile 
reveals a degradation of the protein in the latter situation. In lane 3, 4 and 5 the leaf samples were first ground in 
a simple Tris-HCl extraction buffer containing an anti-protease cocktail. A first soluble fraction was obtained 
after centrifugation of the extract at 10,000g for 10 minutes. Then the pellet was treated with 0.05M CDTA for 
2h at room temperature, and the extract was centrifuged at 10,000g for 10 minutes to obtain the second fraction. 
Finally the pellet was treated with 0.05M Na2CO3 for 14h at room temperature, and the extract was centrifuged 
at 10,000g for 10 minutes to obtain the third fraction. In lane 6 and 7 leaf samples were first ground in a simple 
Tris-HCl extraction buffer containing an anti-protease cocktail. A first soluble fraction was obtained after 
centrifugation of the extract at 10,000g for 10 minutes. Then the pellet was treated with the protoplast cell wall 
degradation cocktail for 16h at room temperature and the extract was centrifuged at 10,000g for 10 minutes to 
obtain the second fraction. Finally the samples that were not directly ground in Laemmli were supplemented 
with 1 volume of 2X Laemmli, and all the samples were boiled for 10 minutes before gel migration. The 
membrane was probed with an anti-GFP antibody and reveal no detectable full length WAK fusion protein in the 
soluble or cell wall extracted fractions. 
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It is likely that the plant does not tolerate high overexpression of the WAKs, and only 

transformant with low overexpression of the WAKs or that degrade the surplus of WAK can 

survive. 

 

- The full length WAKs are tightly bound to the cell wall: Indeed as previously reported (He 

et al., 1996) only boiling in 4% SDS and 50mM DTT can efficiently extract the protein from 

the cell wall. Since no additional band corresponding to WAK overexpression was detectable 

on coomassie blue stained SDS-PAGE gels we wanted to determine whether purification of 

the GFP-tagged protein could work. Unfortunately the 4% SDS and 50mM DTT extraction is 

not compatible with a classical GFP-trap technique and did not allow the purification of the 

protein (figure 2 lane 2). We thus attempted to use different extraction buffers that could have 

been compatible with the purification technique.  

 

Can pectin extraction or degradation release the WAKs? 

Digestion with pectin degrading enzymes has also been reported to work (Wagner et al., 

2001), but to a fairly lower extent than with the 4% SDS/50mM DTT buffer. Extraction of the 

pectins with CDTA and Na2CO3 on the cell wall fraction of the extract did not seem to 

release the WAKs in either the soluble or the different extract fraction (figure 1 lane 3, 4 and 

5). Similarly, degradation of the cell wall fraction with a mix of protoplast preparation 

enzymes (Cellulase, driselase and macerozyme), didn’t release detectable full length WAK 

(figure 1 lane 6 and 7). Only what probably correspond to the GFP degradation band was 

found in the soluble fraction. 

It is however possible that the proteins were degraded during the treatments. Also the release 

of the WAKs by pectin degradation was shown to work using purified polygalacturonase, 

which may be more specific than the protoplast cell wall degradation cocktail. 

 

Does lower concentration of SDS and DTT allow the release of the WAKs? 

In addition, I tested the extraction with lower SDS or DTT concentration but it didn’t release 

detectable full length WAK (data not shown). I also attempted to reduce the SDS and DTT 

concentration of the extract with a protein purification amicon column and subsequently 

perform GFP-trap purification but I did not obtain purified proteins probably due to the 

incomplete removal of SDS and DTT (data not shown). For all the above extraction buffer 

tested I also attempted GFP-trap purification after extraction, although very little or no full 

length protein was detected in western blot analysis of the extracts, and as expected I did not 
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obtain purified proteins. Protein purification usually only yielded an approximately 25 kDa 

band likely corresponding to the GFP fragment alone (figure 2 lane 3). 

 

 
 
Figure 2: GFP-trap purification of the WAK:GFP fusion proteins 
Lane 1 is the extract from leaves directly ground and boiled in Laemmli. In lane 2 the leaf samples were first 
ground in a 4% SDS / 50mM DTT extraction buffer, and GFP-trap purification was carried out on this extract. In 
lane 3, the leaf samples were first ground in a simple TrisHCl extraction buffer containing an anti-protease 
cocktail and GFP-trap purification was carried out. The presence of the GFP fusion proteins was probed with an 
anti-GFP antibody. In lane 2 no purification at all was observed due to the incompatibility of the SDS/DTT 
extraction buffer with the GFP-trap. In lane 3 only the approximately 25 kDa GFP fragment was observed likely 
because the full length version of the fusion protein didn’t detach from the cell wall with the extraction buffer 
used. 
 

 

Can we extract the WAKS from freshly prepared protoplast? 

Finally I attempted to extract the WAKs from freshly prepared protoplasts. The principle was 

to prepare protoplast (as described in III. Experimental procedure) such that the cell wall 

would be removed and the newly synthesized overexpressed WAKs would be more easily 

extractable. I also prepared microsomal fractions of these protoplastes to increase the chance 

of purifying the WAKs. Western Blot analysis of the different fractions did not reveal the 
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presence of the full length GFP-tagged WAK in any of the GFP-trap compatible fraction (data 

not shown).  

 

Overall it appeared to us that this approach was not suitable for our purpose. 

 

It is interesting however to note that the highest band detected by western blot, that we 

suppose correspond to the full length version of the fusion protein, is of approximately 130 

kDa while its expected size is 105 kDa. This probably reveals post-transcriptional 

modification of the protein such as glycosylations. The O-fucosylation however would likely 

generate a much smaller glycan, based on what is described in the animal system, and this 

difference in size likely does not correspond to the presence of O-fucosylation but probably 

another glycosylation. As expected there was no detectable difference in the size of this band 

between the different genetic backgrounds (data not shown). 

 

Click chemistry approach to reveal the presence of fucose on the WAKs 

 

Click chemistry, in this case, refers to the azide-alkyne cycloaddition. Azide and alkyne 

groups can very specifically react in the presence of copper. One can provide alkynylated 

fucose to the plant, which will incorporate it in its metabolism, such as on its polysaccharides. 

Another molecule such as an azide modified alexa fluorescent probe can then be provided to 

the plant, and in the presence of copper the fluorescent probe will covalently bind specifically 

to the modified fucose. This provides a mean to directly observe the presence of fucose since 

the reaction happen after incorporation when a fluorescently-tagged fucose wouldn’t be 

incorporated by the organism as was shown in animal cells (Rabuka et al., 2006).  

A recent work from (Anderson et al., 2012) revealed that an alkynylated fucose analog 

(FucAL) could be metabolically incorporated into the RGI pectic polysaccharide as a terminal 

fucose on the arabinogalactan side chains. Surprisingly they showed that no fucose was 

incorporated on xyloglucans or RGII while these are believed to be the main fucose-

containing cell wall polysaccharides. Instead, FucAL would be incorporated as a terminal 

fucose on the RGI arabinogalactan side chain. Although it was reported to exist in soybean 

(Nakamura et al., 2001), to our knowledge such a terminal fucose was not reported to exist in 

Arabidopsis thaliana. The experiments described did not excluded that the fucose could be 

incorporated onto a protein behaving like pectin. Taking into account that the WAKs are
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Figure 3: 35S::EGF-WAK:GFP transient transformation in protoplasts: Tests 
(A) Schematic view of the EGF-WAK:GFP fusion protein compared to the WAK:GFP. SP: Signal peptide; 
EGF: Epidermal Growth Factor; TM: Transmembrane domain. N: N-Terminal end of the protein; C: C-terminal 
end. (B) Western blot of different extracts from transiently expressed EGF-WAK:GFP fusion protein in col-0 
cell cultures protoplasts and WAK1:GFP fusion protein in stably transformed plants. 
Lane 1 is a positive control transformation with a simple 35S::GFP construct. Lane 2 and 3 are the extracts from 
the transformations with 35S::EGF-WAK1:GFP (lane 2) and 35S::EGF-WAK2:GFP (lane 3). Lane 4 is a 
negative non transformed control. The proteins were extracted from equal amounts of transformed or control 
protoplasts with a simple lysis buffer (as described in the experiment procedure). The presence of the GFP fusion 
proteins was probed with an anti-GFP antibody. Lane 5 and 6 are for comparison with the stably transformed 
35S::WAK1:GFP construct. Interestingly the EGF-WAK1 construct (lane 2) yielded a nice band of the expected 
size of the fusion protein, while EGF-WAK2 (lane 3) yielded two bands with a lower intensity. These results 
show that at least for EGF-WAK1, the transient transformation works well, the expected size protein is 
produced, is easily extractable and produces barely any GFP degradation products. 
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tightly bound to the pectin, the incorporated fucose that is described in Anderson et al (2012) 

could correspond to an O-fucose on the WAKs. We thus wanted to test whether that could be 

the case.  

Our approach here was to try to determine by a western blot analysis coupled with click 

chemistry whether or not the WAKs were O-fucosylated. We thus used our 35S::WAK:GFP 

lines from the different mutant background and grew them on a medium containing FucAL. 

The proteins were extracted from 8 days old seedlings using the 4%SDS / 50mM DTT buffer 

and the click reaction was performed either on the protein extract or on the nitrocellulose 

membrane after protein migration and transfer. The azide containing maker used was either an 

alexa488 or a biotin. Observation under a fluorescence scanner for alexa488 or revelation 

using an HRP grafted streptavidin, did not reveal a specific signal corresponding to a WAK, 

or another protein. However no positive control was available to determine whether the click 

reaction had actually worked, which does not allow us to conclude on the absence of FucAL 

on the WAKs.  

Further test should be done on this method to determine whether it is a technical problem or 

not. This technique could also provide a highly valuable no a priori approach to identify O-

fucosylated protein that would be the potential substrates of the putative O-

fucosyltransferases family members. 

 

Protoplast transformation with the EGF-WAK construct to overcome the low 

expression of stable transformant and the problem of WAK extractability 

 

Since the previous approach of overexpression of the full length WAK protein did not 

succeed due to technical problems, we undertook a different strategy. First, we wanted to 

overexpress a WAK peptide without the pectin binding domain to avoid the problem of the 

tight binding to the cell wall. We thus decided to make a construction containing only the 

signal peptide, the two EGF-like domains, the transmembrane domain and a C-terminal GFP-

tag (EGF-WAK:GFP; figure 3 A). The constructions were done for WAK1 and WAK2. The 

idea was also to have a much smaller fusion protein that would be easier to study by mass 

spectrometry. Then we wanted to try to overexpress the protein transiently in protoplasts, 

since the overexpression could affect the development of the plant and prevent the existence 

of actual overexpressing plants. 
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Figure 4: 35S::EGF-WAK1:GFP transient transformation in leaf mesophyll protoplasts from different 
genetic backgrounds : Western blot 
The same 35S::EGF-WAK1:GFP construct as in figure 3 was transformed into col-0 (lane 1), qua2-1 (lane 2), 
esmd1-1 (lane 3), frb1-2 (lane 4), esmd1-1/frb1-2 (lane 5) and mur1-1 (lane 6) leaf mesophyll protoplasts, or not 
transformed (lane 7). The expression level of the fusion protein was assayed by western blot. The presence of the 
GFP fusion proteins was revealed with an anti-GFP antibody. Interestingly mur1-1 transformation efficiency was 
much higher than the other genotypes as revealed by the presence of a band at the expected size (approximately 
42 kDa) of a much higher intensity than the other genotypes. The higher molecular weight bands at 
approximately 100 and 170 kDa could be multimers of the EGF-WAK1:GFP fusion protein potentially also 
associated with GRP3, a peptide known to interact with WAK1 and to promote its multimerization (Park et al., 
2001). 
 

 

Transformation of Col-0 cell suspension culture 

The first tests were carried out on Col-0 cell suspension culture available at the institute, 

following the protocol described in (AXELOS et al., 1992). These provided encouraging 

results (figure 3 B). Western blot analyses were carried out on whole protoplast lysate 

approximately 16h after transformation. The 35S::EGF-WAK1:GFP construct produced a 

single band at approximately 42 kDa as expected, in relatively high amount and with almost 

no visible degradation product (figure 3 B lane 2). The 35S::EGF-WAK2:GFP construct 

however produced two specific bands around the expected size and in a lower quantity 

compared to EGF-WAK1 (figure 3 B lane 3). 
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Transformation on freshly prepared mesophyll protoplasts 

Since we wanted to study the protein in different genetic backgrounds, the use of such a cell 

line was not applicable, so we switched to a different approach. Transformation of freshly 

prepared mesophyll protoplasts was performed following the protocol described in (Yoo et 

al., 2007). The protoplasts were prepared from the wild type col-0, and the mutants qua2-1, 

esmd1-1, frb1-2, esmd1-1/frb1-2 and mur1-1. Interestingly, although all the transformations 

were carried out in the exact same condition and following the exact same protocol, the 

transformation yield was largely variable between the different genetic backgrounds (figure 

4). The genetic background mur1-1 yielded a much higher transformation rate. Approximate 

estimation under epifluorescence microscope indicated that roughly 40-60% of the protoplasts 

were transformed and expressing the construct in this background (figure 5 A), whereas 

almost no transformed protoplasts were found in samples observed for col-0, qua2-1, esmd1-1 

and qua2-1/esmd1-1 and relatively little were found in frb1-2, which largely reflect the 

western blot results in figure 4.  

Two specific bands were also clearly observable at approximately 100kDa and between 

approximately 150 and 200 kDa. These could correspond to multimerization of the EGF-

WAK:GFP along with the GLYCINE RICH PROTEIN3 (GRP3), a small peptide known to 

bind to the WAKs. This peptide was shown to associate to the extracellular domain of the 

WAK1, 3 and 5, likely on the EGF-like domains (Park, 2001) and to induce the 

multimerization of the receptor WAK1. 

 

Subcellular localization of EGF-WAK1:GFP in different  genetic background 

Interestingly confocal microscopy observations revealed a different localization of the EGF-

WAK1:GFP construct in the different genetic background observable. Only for mur1-1 and 

frb1-2 enough transformed protoplast were seen after transformation to comment on the 

subcellular localization of the fusion protein at this point. In mur1-1 the signal seemed to be 

localized throughout the secretion system (Endoplasmic reticulum and Golgi), and sometimes 

at what appears to be the plasma membrane or the cytoplasm (figure 5 B-E). These 

assumptions are based on the observation of the fluorescence in intracellular compartments 

resembling the network-like shape of the ER (figure 5 B and C), moving Golgi-like vesicles 

(figure 5 C), and the presence of fluorescence at the surface of the cell, similar to the 

membrane or the cytoplasm between the vacuole and the plasma membrane. These results are 

similar to the results reported in Kohorn et al. (2006a) where a WAK1:GFP (full length) 
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Figure 5: 35S::EGF-WAK1:GFP transient transformation in leaf mesophyll protoplasts from different 
genetic backgrounds : Confocal microscopy 
(A) Example of transformed and non-transformed protoplasts expressing the EGF-WAK1:GFP fusion protein. 
(B-D) mur1-1 protoplasts transformed with the EGF-WAK1:GFP construct showing subcellular localization of 
the fusion protein that likely correspond to the ER and Golgi apparatus (B and C) and the plasma membrane or 
the protoplast (D). (E) frb1-2 protoplast expressing the EGF-WAK1:GFP fusion protein and showing a 
subcellular localization of the fusion protein that could correspond to the endosome. 
The green channel on the pictures correspond to the GFP signal (detected between 495 and 540 nm), and the red 
channel corresponds to the autofluorescence of the chloroplasts (detected between 560 and 620 nm). 
 

 

construct was transformed into mesophyll protoplast following the same protocol. 

Interestingly in our case some of the protoplast had most of the fluorescence in intracellular 

compartments, while other had the fluorescence at what may be the membrane. We did our 

observations 16-24 hours after transformation. Interestingly in Kohorn et al (2006a) they 

noticed that the WAK1:GFP fusion protein took longer than that to reach the plasma 

membrane, and that 1 day after transformation most of the protoplasts had an intracellular 

localization of the signal while after 5 days almost all of the protoplast had a plasma 

membrane localization of the GFP signal.  

In frb1-2 however the localization of the EGF-WAK1:GFP fusion protein was strikingly 

different. most of the signal seemed to localize to relatively small intracellular compartments 

that did not exactly resemble Golgi apparatus (figure 5 E). Short staining of the protoplasts 

with FM4-64 to stain the plasma membrane as well as the endocytic compartments, revealed a 

colocalization of the internalized fm4-64 with the EGF-WAK1:GFP intracellular 

compartment after a couple of minutes (figure 6). This seems to indicate that in a frb1-2 

background the EGF-WAK1:GFP fusion proteins undergoes a high rate of endocytosis since 

in addition no signal is detected at the plasma membrane. Interestingly internalization of 

plasma membrane receptor upon binding of the substrate to amplify signalization is a well 

described phenomenon. It has been shown for example for the receptors BRI1 (Russinova et 

al., 2004; Geldner et al., 2007) and FLS2 (Robatzek et al., 2006). Internalization of the 

activated receptor is supposed to increase the signal response by increasing the surface 

bearing activated receptor: those internalized, and new one reaching the plasma membrane to 

be activated. It is also proposed that it physically facilitates the signaling to the nucleus as the 

endocytosed compartments can move around the cell and get closer to the nucleus (Geldner 

and Robatzek, 2008). Another interesting observation on the frb1-2 transformed protoplasts is 

that a considerable amount of the GFP signal seems to be located in the chloroplasts. Indeed 

the exact same imaging settings as for mur1-1 were used but in frb1-2 clearly some signal can 

be observed in the chloroplasts (figure 5 E and figure 6) while it is not the case in mur1-1 
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Figure 6: Endosomal localization of EGF-WAK1:GFP in frb1-2 leaf mesophyll protoplasts 
frb1-2 protoplasts transformed with the EGF-WAK1:GFP construct were observed with (B) and without (A) 
fm4-64 staining. When stained the observation was done about 10 minutes after the addition of the fm4-64. 
Interestingly the vesicle like localization of the fusion protein in frb1-2 colocalizes with the fm4-64 
internalization. This suggests that the protein is indeed located in the endosome. Interestingly there is also a GFP 
signal in the chloroplast in frb1-2 compared to mur1-1 (figure 5). The images were taken with the exact same 
settings which tend to indicated that the signal is indeed specific to GFP. 
The green channel on the pictures correspond to the GFP signal (detected at 495–540 nm), and the red channel 
corresponds to the fm4-64 signal as well as the autofluorescence of the chloroplasts (detected at 560–620 nm). 
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(figure 5 B and C). Although this is surprising, this observation is actually reminiscent of the 

original work on WAK1 where the authors found that WAK1 was a potential interactor of a 

thylakoid membrane associated protein (Kohorn et al., 1992). 

Overall, these observations of localization are preliminary results and are based on a probably 

too small number of observations in the case of frb1-2. The actual compartments observed in 

mur1-1 should be determined by colocalization with different subcellular organelles markers 

to confirm the localization. The subcellular localization in mur1-1 reveals that likely a 

considerable amount of the EGF-WAK:GFP had not reached the Golgi apparatus at the time 

of observation, which is not surprising, but should be taken into account when analyzing the 

potential glycosylation state of the proteins, since the putative O-fucosyltransferases are 

located in the Golgi. 

 

Although these are preliminary results, it seems to indicate that a mutation in FRB1 does 

affect WAK1, reinforcing the idea that FRB1 could actually be a glycosyltransferase of the 

WAKs EGF-like domains. It also seems to indicate that it affects the behavior of the receptor 

in a way similar to what a constitutive induction of the receptor would be. This tend to 

correlate with our observation and hypothesis (described in part I figure 3 and general 

conclusion and discussion) suggesting that the missing glycosylation in the mutant frb1 could 

constitutively induce a signaling pathway leading to cell separation, even in the absence of a 

specific inductive signal. 

These observations and interpretation are however to be taken with caution since they are 

done in a protoplast system which may largely affect the behavior of the receptors. Also the 

observed constructs are largely truncated version of the receptor, which may also differ in 

behavior from the native protein. 

 

Perspectives 

The transformation and extraction of proteins from these protoplast were done in a too small 

scale at this time, did not allow a sufficient extraction of protein for purification and analysis 

before the end of my PhD. However it seems to be the most promising approach for future 

work in order to reveal whether or not these proteins are O-fucosylated. We should be able to 

make use of the high transformation yielding mur1-1 complemented or not with fucose to 

mimic the wild type. Also empirical adaptation of the transformation protocol could allow 

higher transformation yield in the other genetic backgrounds. 
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Finally the constructs were also used to stably transform Arabidopsis in the different genetic 

background described above. Preliminary results seem to indicate a relatively low expression 

of the fusion protein as observed by confocal microscopy (data not shown). However the 

protein should be more easily extractable and purifiable, and it would provide an alternative 

way to obtain reasonable amounts of purified proteins for mass spectrometry analysis. 

 

To conclude on this work, it hasn’t yet provided the information that we were looking for. 

Also it is a strategy based on the a priori that ESMD1 and FRB1 are O-fucosyltransferases of 

the WAKs while this function is only based on predictions from the protein sequence, and the 

potential of the WAK as substrates is only based on homologies with the system described in 

animals. A no a priori approach was imagined consisting in a proteomic identification of the 

proteins differentially glycosylated between a col-0 and a mur1-1 background. This could 

have revealed a list of fucosylated proteins potentially the substrates of ESMD1 and FRB1. 

However very early it appeared that the WAKs were the most likely substrate of these O-

fucosyltransferases and early experiments on the overexpression of the WAK:GFP construct, 

which were assumed to provide a “quick” answer actually pointed out the difficulty to analyse 

the WAKs by biochemical approaches. It was thus highly likely that our favorite a priori 

substrate would actually be excluded from such approach. However if the work on the WAKs 

finally proves that they are not the substrates, this kind of approach could be undertaken. 

 

II. Additional data on the mutant phenotypes 
 

The quasimodo mutants present a number of pleiotropic phenotypes in addition to the cell 

adhesion defect: Sucrose sensitivity, tumorous development, hyperhydricity and reduced 

hypocotyl elongation are some of the most striking. The study of the mutants and suppressors 

has led us to search in different directions to characterize and better understand the link 

between these various phenotypes. 

 

 

1. Characterization of the cell wall modification in quasimodo and the suppressor lines 
 

quasimodo1 and quasimodo2 are mutated in putative HG synthesis genes (Bouton et al., 

2002; Mouille et al., 2007) and are deficient in homogalacturonan content in their cell wall 
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(Leboeuf et al., 2005; Orfila et al., 2005; Ralet et al., 2008). Previous reports did not identify 

other major changes in the cell wall composition; however the qua1 mutation was shown to 

alter xylan synthase activity in addition to the galacturonan synthase activity in intact 

microsomal membranes (Orfila et al., 2005). Thus we wanted to investigate on the 

modifications that may take place as a consequence of the disruption of ESMD1 and that 

could explain the restoration of the cell adhesion defect. 

 

FTIR analysis 

 

In order to characterize the suppressor line as well as the different lines that are studied in part 

1 of this chapter we undertook a Fourier Transformed InraRed spectroscopy (FTIR) analysis 

of the modifications in the cell wall structure and composition of these different lines (Figure 

7). The absorption spectra obtained for the different genotypes were compared to each other 

with a t-test. This analysis outputs a plot of the t value for each wavenumber, highlighting the 

significant differences in the cell wall structure and composition of the two compared 

genotypes. The graphs in figure 7 represent the results of these t-tests, and the red horizontal 

bars are the significance thresholds of the statistical analysis. If the t value remains within the 

threshold bars, there are no significant differences between the two initially compared spectra. 

If the t passes the threshold, there is a significant difference of absorbance at this wavenumber 

suggesting a difference in structure and composition between the two tested lines. This 

modified absorbance can sometimes be attributed to a specific variation in a cell wall 

component. Most of the time however these differences are very complex to interpret and 

simply point out a significant difference in the cell wall structure and composition between 

the two tested lines. For clarity, the plots of the t values were put in different groups. The col-

0 vs cell adhesion defective mutants (figure 7 A), col-0 vs suppressed lines (figure 7 B) and 

cell adhesion defective vs suppressed lines (figure 7 C) respectively, were put together in 

three separate groups in order to determine if there were clear changes in the spectra that 

could be attributed to the loss or the restoration of cell adhesion. The changes detected by the 

t-test are relatively weak and in most of the case the significant peaks do not clearly correlate 

for the different mutant lines. The main clear difference between the wild type and either the 

cell adhesion defective (figure 7 A) or the suppressor lines (figure 7 B) is the large negative 

peak between approximately 1200 cm-1 and 1000 cm-1. This peak is within the so-called 

“polysaccharide fingerprint” domain of the spectra. The variations of absorption intensity in 

this zone are very complex to analyze and as such cannot give any clear information. But the 
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Figure 7: Characterisation of the cell wall modification in quasimodo and the suppressor lines: FTIR 
analysis 
These spectra are t-tests results of the comparison of two absorption spectra corresponding to two different 
genotypes. This analysis highlights the significant differences in the cell wall structure and composition of the 
two compared genotypes. The red horizontal bars are the significance threshold of the statistical analysis. If t-test 
spectra remains within the threshold bars, there is no significant differences between the two initially compared 
spectra. If a peak of the t-test spectra passes the threshold, there is a significant difference in structure and 
composition that can sometimes be attributed to a specific variation in a cell wall component. 
The abscissa corresponds to the wave number of absorption in cm-1 and the ordinate corresponds to the value of 
t in the t-test. 
 

fact that this peak is conserved in both cell adhesion defective and suppressor compared to the 

wild type indicates that this is a specific cell wall modification induced in the cell adhesion 

defective mutants, which is not restored by the suppressor mutation. The comparison of the 

cell adhesion defective mutants with the suppressor lines does not reveal any clear common 

pattern (figure 7 C). This does not allow us to identify a specific modification that could take 

place in the suppressor line and that could explain from a structural point of view, the 

restoration of the cell adhesion by esmd1-1. In graph D to F we can also see that there are 

differences in the structure of the cell wall induced by the suppressor line but these are not 

clearly identifiable. 

Finally the comparison of col-0 with esmd1-1 shows weak but significant modification of the 

cell wall structure and composition, indicating that this mutation by itself affects the cell wall. 

But overall the t-test spectra are very noisy (most of the peaks are small and irregular), and 

not very significant (statistically) meaning that most of the observed variations observed here 

may not be relevant or may not clearly point out a specific modification of the cell wall. 

 

  Cell wall monosaccharides composition 

 

We also carried out a more detailed characterization of the cell wall of the mutant qua2-1 and 

its suppressor esmd1-1. The analysis of the monosaccharides composition of col-0, qua2-1 

and qua2-1/esmd1-1 did not reveal any major changes in the cell wall content of the sugars 

analyzed here (Figure 8).  

 

Quite surprisingly these cell wall analyses are not very informative on the causes of the 

restoration of cell adhesion, at least at the cell wall level, but indicate that the suppression is 

not due to a restoration of the HG content. More detailed analyses such as linkages analyses 

or the monosaccharide composition analysis of additional cell wall fraction could provide 

more informations. 
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However in depth characterization of the cell wall has been carried out in the case of the 

mutant frb1 (Neumetzler et al., 2012) and although they were able to point out that the low 

degree of pectin methyl esterification and higher PME activity were likely responsible for the 

loss of cell adhesion, a number of other modifications are taking place in the cell wall of this 

mutant and a clear picture could not be drawn either. This also answer the concern of a 

potential direct role of ESMD1 and FRB1 on the cell wall structure and composition instead 

of signaling, since they are glycosyltransferases and could glycosylate structural components 

of the cell wall. None of the cell wall analyses that were carried out on frb1 could clearly 

point out a cell wall component that could be the substrate of FRB1. Overall this seems to 

correlate with the fact that these enzymes affect the signaling and that the downstream 

modifications that they induce in the cell wall are complex. 

 

 
Figure 8: Characterisation of the cell wall modification in quasimodo and the suppressor lines: 
Monosaccharide composition analysis 
Monosaccharide composition of col-0, qua2-1 and qua2-1/esmd1-1. No major changes are observed between the 
different genotypes. 
 

2. ESMD1 pattern of expression 
 

A GUS construct harbouring the 2168 pb upstream promoter region of ESMD1 was used to 

study the expression pattern of ESMD1. GUS expression seems to be present almost 

throughout the seedling and to a stronger degree in the vascular tissues (figure 9). In dark 

grown hypocotyls the expression is present in the root but absent in the root cap (figure 9 D). 

The GUS staining is present in the hypocotyl and seems to be more intense in the already 
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elongated region of the hypocotyl (basal to median part), less intense in the elongating (upper 

part) and absent in the apical hook as well as the very base of the hypocotyl (figure 9 B and 

C). The GUS staining is also highly present at the apex of the cotyledons but absent from their 

base and the meristem zone (figure 9 C). Interestingly the localization on the hypocotyl seems 

to nicely correlate with the region where the cell adhesion defect is usually the most obvious 

(Cell detachment and outward curving) in the quasimodo mutants. In the light grown 

seedlings, the expression appears to be much stronger in the root than in the aerial parts but 

seems to be present everywhere (figure 9 A).  

 

To get further information on what may affect the expression of ESMD1, we used the web 

based application of gene expression analysis, Genevestigator (www.genevestigator.com). 

Interestingly it reveals that ESMD1 is upregulated by sucrose. Another interesting regulating 

factor of ESMD1 expression, as revealed by the Genevestigator data, is the bacterial typeIII 

effector HrpA. Indeed the presence of the wild type version of this effector upregulates 

ESMD1, while the mutated version down regulates it.  

We tested the responsiveness to sucrose with our GUS line and could indeed see that the 

staining was more intent in seedlings grown with increasing sucrose concentration 

(preliminary data, not shown). The fact that quasimodo is sensitive to sucrose and that this 

sensitivity is suppressed by the mutation ESMD1 could be explained by the responsiveness of 

ESMD1 to sucrose. Indeed the potential upregulation of ESMD1 in the presence of sucrose 

could be responsible for the high sensitivity observed in quasimodo. The disruption of 

ESMD1 and thus the absence of response to sucrose could explain the suppression of the 

sucrose sensitivity.  
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Figure 9: Histochemical staining for GUS activity in arabidopsis seedlings expressing a pESMD1::GUS 
transgene 
Expression of the uidA reporter gene driven by the 2kb upstream region of ESMD1 in: (A) lightgrown seedling 
grown on 0.8% agarose and 1% sucrose. (B-D) Darkgrown hypocotyl grown on 0.8% agarose and without 
sucrose. (C) is a close up of the cotyledons and the apical part of the hypocotyl and (D) is a close up of the root. 
In (A) the seedlings shows a GUS staining throughout its tissue with a stronger intensity in the root. In (B-D) the 
dark grown hypocotyl shows a staining in the already elongated part of the hypocotyl (basal to median part), a 
less intense staining in the elongating (upper part) and is not stained in the apical hook as well as the very base of 
the hypocotyl (B and C). It is also highly stained at the apex of the cotyledons but absent from their base and the 
meristem (C). 
 

3. Transcriptomic analysis 
 

The pleiotropic phenotypes of quasimodo seems to indicate that a number of secondary 

responses are activated in the mutant. In order to identify these different responses we 

performed a transcriptome analysis. The idea was also to identify genes specifically induced 

by the loss of cell adhesion and genes which expression is specifically restored by the 

suppressor esmd1-1, in order to identify which genes are specifically regulated downstream of 

ESMD1. This analysis was done on 8 days old seedlings grown in a medium without sucrose 

and compared wild type, cell adhesion defective and suppressor lines as described on figure 

10. Briefly, the cell adhesion defective lines were compared to their wild type, and the 

suppressors compared to their cell adhesion defective relative. In addition Col-0 was 

compared with all the other lines in a col-0 background. The overall analysis identified a large 

number of genes differentially regulated between the different genotypes but did not allow us 

to draw very clear picture of the affected pathways. However the goal then was to compile the 

data from the different genotypes and determine a list of gene specifically affected in the cell 

adhesion defective mutants compared to the wild type (figure 10 B) and in the suppressor 

compared to the cell adhesion defective (figure 10 C).  

The intersection of the genes differentially regulated in qua1-1, qua2-1 and frb1-2 compared 

to their wild type background, identified 73 genes up regulated in common and 31 genes 

down regulated in common (figure 10 B and table 1 and 2). Gene Ontology (GO) enrichment 

as determined by the agriGO tool (http://bioinfo.cau.edu.cn/agriGO/index.php) (Du et al., 

2010), reveals mostly an up-regulation of the “response to stimulus” related genes (Only up 

regulated genes were analyzed because down regulated genes didn’t provide enough 

significant Gene Ontology terms; figure 11). 

The similar analysis was carried out for the genes differentially regulated in both qua2-

1/esmd1-1 vs qua2-1 and frb1-2/esmd1-1 vs frb1-2. We found 105 genes up regulated in 

common and 17 genes down regulated in common (figure 10 C and table 3 and 4). GO also
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Figure 10: Transcriptomic analysis  
(A) Schematic representation of the comparisons of gene expression, that were carried out by microarray 
CATMA v7 analysis, between the different genotypes.  The cell adhesion defective lines were compared to their 
wild type, and the suppressors compared to their cell adhesion defective relative. In addition Col-0 was 
compared with all the other lines in a Col-0 background. (B and C) are Venn diagrams that represent the number 
of genes up and down regulated in the different genetic background. The intersection of the genes differentially 
regulated in qua1-1, qua2-1 and frb1-2 compared to their wild type background, identified 73 genes up regulated 
in common and 31 genes down regulated in common (B). The similar analysis was carried out for gene 
differentially regulated in both qua2-1/esmd1-1 vs qua2-1 and frb1-2/esmd1-1 vs frb1-2 identified 105 genes up 
regulated in common and 17 genes down regulated in common (C). 
 
 

reveals a clear up-regulation of the “response to stimulus” related genes as well as genes 

implicated in the “indole and derivative metabolic process” (Similarly only the up regulated 

genes were analyzed; figure 12). 

Overall a stress response seems to be induced in the mutant, which is not surprising. The most 

surprising however is that a large number of genes are also up regulated in the suppressor 

lines compared to their relative cell adhesion defective mutants. We would have expected the 

opposite since they are suppressor line and a lot of the secondary responses induce in the 

mutant should be shut down in the suppressor. In addition based on the Gene ontology it 

seems to be the same types of genes that are upregulated in both cases. Although this analysis 

gives us a list of potentially interesting genes, it provides relatively little information at this 

stage of the analysis. Finally we identified the genes that are differentially regulated in cell 

adhesion defective mutants, and restored in the suppressor line. Three genes were up 

regulated in common in the cell adhesion defective mutants frb1-2 and qua2-1 and down 

regulated in their suppressor lines (At1g12610, At2g38530 and At3g20470) and one gene was 

down regulated in common in the cell adhesion defective mutants frb1-2 and qua2-1 and up 

regulated in their suppressor lines (At5g03545). These should represent genes regulated or 

belonging to the downstream genes which expression is specifically affected by ESMD1. 

At1g12610 is DWARFED AND DELAYED FLOWERING 1 (DDF1) an ERF/AP2 

transcription factor. The over expression of this genes results in a delayed flowering and 

dwarfism, but also reduces gibberellic acid biosynthesis and increases the tolerance to high 

levels of salt (Kang et al., 2011). At2g38530 is LIPID TRANSFER PROTEIN 2 (LTP2). 

Overexpression of this gene in tobacco led to an increased resistance to Pseudomonas 

syringae (Molina and García-Olmedo, 1997). Interestingly it was also shown to induce cell 

wall loosening in tobacco (Nieuwland et al., 2005). At3g20470 is GLYCINE RICH 

PROTEIN 5, a structural protein of the cell wall. It also has a potential role in response to the 

pathogenic invasion mediated by the cutin monomer (Park et al., 2008). Finally, At5g03545 is 

INDUCED BY PI STARVATION 2 (ATIPS2) and seems to be a regulator of phosphate
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Figure 11: Gene Ontology of the genes up regulated in the cell adhesion defective mutants  
AgriGO tool (http://bioinfo.cau.edu.cn/agriGO/index.php; Du et al., 2010) Gene ontology analysis output reveals 
mostly an up-regulation of the “response to stimulus” related genes. 
 

 

 

Gene Ontology analysis for genes specific of the cell adhesion defect !
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Figure 12: Gene Ontology of the genes up regulated in the esmd1-1 restored line 
AgriGO tool (http://bioinfo.cau.edu.cn/agriGO/index.php; Du et al., 2010) Gene ontology analysis output reveals 
mostly an up-regulation of the “response to stimulus” related genes as well as genes implicated in the “indole 
and derivative metabolic process”. 
 

 

homeostasis (Shin et al., 2006). The functions of these genes and the phenotypes that they 

induce when they are differentially expressed could be responsible for some of the pleiotropic 

phenotypes of quasimodo. 

Gene Ontology analysis for genes specific of esmd1-1 cell 
adhesion restoration!
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Although I only performed a very basic analysis of the data and didn’t use any of its outcome 

for my PhD work since this analysis was performed around the end of my PhD, further work 

on the genes identified here could reveal very interesting information for the understanding of 

cell adhesion in plants as well as the occurrence of the pleiotropic phenotypes of quasimodo. 

 

4. qua2 and esmd1 show an altered response to pectin 
 

The putative function of ESMD1, based on the homology with the O-fucosyltransferases in 

animals would be to fucosylate protein domains called Epidermal Growth Factor (EGF) like 

repeats. EGF-like repeats in plants happen to be found on Receptor-Like Kinases (RLK), 

including receptors which have been shown to bind to pectin and respond to the treatment by 

oligogalacturonides (OGs). The absence of such a glycosylation could affect the function of 

the receptor. We hypothesized that the phenotypes observed in quasimodo could be the 

consequence of an over-activation of a pectin mediated stress response due to the pectin 

defect, and that the disruption of ESMD1 would prevent this response by preventing a normal 

functioning of the receptors. To test this hypothesis we wanted to determine whether the 

perception and response to OGs were affected in our different lines. Eight days old seedlings 

were treated for three hours with a final concentration of 50 µg.ml-1 of OGs or were not 

treated. The expression of PAD3 and FADLox, two genes responsive to OGs (Denoux et al., 

2008), was assayed. First of all, as reported in part 1 of this chapter, the non-treated samples 

revealed that the expression of these two genes is already significantly upregulated in qua2-1 

compared to col-0, qua2-1/esmd1-1 and esmd1-1 (figure 13 A and C). Interestingly this may 

reveal a constitutive basal activation of a response to the pectin defect of the quasimodo 

mutants. 

The OG treatment triggers a very high induction of the genes. About 9 and 60 folds for the 

OG treated col-0 compared to the non-treated col-0 respectively for PAD3 (figure 13 A and 

B) and FADLox (figure 13 C and D). But it goes up to about 100 and almost 600 folds for OG 

treated qua2-1 compared to non-treated col-0. These genes are ten times more upregulated in 

quasimodo than in col-0 when treated with OG which reveals a specific sensitivity to OGs in 

qua2-1 and would be consistent with our first hypothesis. However it gets more complicated 

and confusing when it comes to qua2-1/esmd1-1. FADLox is significantly more induced in 

the suppressor line than in qua2-1, while PAD3 is significantly less induced. Finally esmd1-1 

has a response indistinguishable from col-0 for PAD3, and has a slightly upregulated response 

for FADLox when treated with OG.  
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Overall this demonstrates that the mutation in ESMD1 does not abolish the response to OGs 

as we would have expected. But it still clearly affects the response as observed with the two 

genes that we tested. We expected that PAD3 and FADLox would behave similarly in 

response to OG, and it does for col-0 and qua2-1, but it is not the case in the suppressor line. 

This may actually mean that the potential presence or absence of the O-fucosylation may not 

have a radical effect such as permitting or abolishing the signaling but may affect the 

specificity of the response and the downstream signaling pathway.  

 

 
Figure 13: quasimodo and esmd1 have an altered response to pectin 
Expression levels of PAD3 (A and C) and FADLox (B and D), of either non treated (A and B) or OG treated (C 
and D) seedlings of col-0, qua2-1, qua2-1/esmd1-1 and esmd1-1. Values shown are average and standard 
deviation of three biological replicates. All relative expression is expressed in fold change relative to the 
untreated col-0 (A). However, * indicates independently in each graph a significant difference (t-Test, p<0.05) 
with the col-0 sample in this graph. 
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The higher responsiveness in qua2-1 and qua2-1/esmd1-1 could actually be explained by a 

higher permeability of the cell wall to the OG due to the HG deficiency, allowing much more 

cell to perceive the signal and in higher quantity. Based on this we can likely interpret the 

changes in ratio of gene expression, such as the fact that FADLox is more induced in the 

suppressor line than in qua2-1 while PAD3 behaves in the opposite direction. 

However we are unable to clearly conclude on these results at this stage. 

 

5. qua2-1 is resistant to B. cinerea maceration and sensitivity is restored in the 
suppressor line  
 

OGs are specific signals that are well characterized as elicitors characteristic of the 

necrotrophic fungal attacks. Since our mutant and suppressor lines had a perturbed response 

to these OGs we wanted to test whether our mutants and suppressor had a different response 

to the fungal necrotrophic pathogen B. cinerea. This kind of pathogen acts by killing the cells 

and triggers a characteristic maceration of the tissues. So we inoculated col-0, qua2-1, qua2-

1/esmd1-1 and esmd1-1 with a Botrytis spore suspension to see whether the lines that were 

more responsive to OG were more resistant to Botrytis. Two drops of germinated spores in 

PDB, or PDB alone (mock) were placed on 6 weeks old leaves, and the apparition of 

maceration was observed after 48H (figure 14). The maceration can be clearly observed since 

it makes the leaf translucent around the site of inoculation as observed for col-0, qua2-

1/esmd1-1 and esmd1-1. Qua2-1 however shows no maceration at all after 48h, but a 

browning just under the Botrytis suspension drop. Even after 96h (data not shown) while the 

leaves of the other genotypes were completely macerated, qua2-1 showed no maceration. 

Interestingly, although qua2-1/esmd1-1 had clearly an increased response to OG compared to 

col-0, it wasn’t resistant to Botrytis maceration as was qua2-1. The resistance to botrytis 

maceration seems more correlated with the higher basal expression of defense response genes 

in qua2-1 than to the higher level of response to OGs in both qua2-1 and qua2-1/esmd1-1. 

 

Some of these experiments are inconclusive and would need additional work to be exploited 

and be informative for the characterization of the cell adhesion defect and its suppression by 

esmd1. But overall these additional phenotypic characterizations bring interesting insights and 

ideas to set up future experiments.  
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Figure 14: qua2-1 is resistant to B. cinerea maceration and sensitivity is restored in the suppressor line 
Six weeks old leaves of col-0, qua2-1, qua2-1/esmd1-1 and esmd1-1 inoculated with two drops of germinated 
spores in PDB, or PDB alone (mock) and observed after 48H. The maceration makes the leafs translucent around 
the site of inoculation. Qua2-1 doesn’t show any signs of maceration 48h after inoculation compared to the other 
lines. 
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Gene	  ID	   CATMA	  annotation	   qua1-‐1	  vs	  WS	   qua2-‐1	  vs	  col-‐0	   frb1-‐2	  vs	  Col-‐0	  

AT4G31970 
"CYP82C2 (cytochrome P450, family 82, subfamily C, 
polypeptide 2); oxygen binding" 3,33 2,28 4,96 

AT4G12490 
"protease inhibitor/seed storage/lipid transfer protein (LTP) 
family protein" 4,17 1,47 3,33 

AT1G19610 "LCR78/PDF1.4 (Low-molecular-weight cysteine-rich 78)" 3,48 1,52 3,73 

AT4G22470 
"protease inhibitor/seed storage/lipid transfer protein (LTP) 
family protein" 3,96 1,18 3,33 

AT3G23250 
"AtMYB15/AtY19/MYB15 (myb domain protein 15); DNA 
binding" 3,79 0,74 3,82 

AT1G67980 "CCoAMT (caffeoyl-CoA 3-O-methyltransferase)" 3,74 1,48 3,07 
AT2G17740 "DC1 domain-containing protein" 3,55 1,14 3,58 

AT4G31950 
"CYP82C3 (cytochrome P450, family 82, subfamily C, 
polypeptide 3); oxygen binding" 2,34 1,83 3,91 

AT1G56240 "ATPP2-B13 (Phloem protein 2-B13)" 3,65 0,77 3,57 
AT4G12480 "pEARLI 1; lipid binding" 4,17 1,75 1,90 

AT4G12500 
"protease inhibitor/seed storage/lipid transfer protein (LTP) 
family protein" 4,02 1,23 2,21 

AT5G39580 peroxidase 3,39 0,94 2,96 

AT4G31940 
"CYP82C4 (cytochrome P450, family 82, subfamily C, 
polypeptide 4); oxygen binding" 1,74 1,58 3,87 

AT3G20470 pseudogene 2,45 1,77 2,93 
AT2G38530 "LTP2 (LIPID TRANSFER PROTEIN 2); lipid binding" 2,87 1,06 2,90 
AT1G51820 "leucine-rich repeat protein kinase, putative" 3,09 0,96 2,78 
AT2G22880 "VQ motif-containing protein" 2,81 0,81 3,02 

AT5G24160 
"squalene monooxygenase 1,2 / squalene epoxidase 1,2 
(SQP1,2)" 2,06 1,25 3,14 

AT4G25810 
"XTR6 (XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6) 
/XTH23; hydrolase, acting on glycosyl bonds" 2,49 0,92 2,89 

AT5G36925 "unknown protein" 2,55 1,09 2,45 

AT2G02930 
"ATGSTF3 (GLUTATHIONE S-TRANSFERASE 16); glutathione 
transferase" 2,63 0,82 2,28 

AT1G27730 
"STZ (SALT TOLERANCE ZINC FINGER); nucleic acid binding / 
transcription factor/ zinc ion binding" 1,91 1,09 2,61 

AT1G65500 "unknown protein" 2,02 1,62 1,95 
AT1G72920 "disease resistance protein (TIR-NBS class), putative" 2,20 0,83 2,55 
AT3G44300 "NIT2 (NITRILASE 2)" 2,18 0,77 2,53 
AT5G64120 "peroxidase, putative" 2,90 0,79 1,79 

AT3G26230 
"CYP71B24 (cytochrome P450, family 71, subfamily B, 
polypeptide 24); oxygen binding" 1,36 1,69 2,37 

AT3G21080 "ABC transporter-related" 1,49 1,22 2,63 
AT5G11410 "protein kinase family protein" 1,86 0,87 2,52 
AT3G44260 "CCR4-NOT transcription complex protein, putative" 1,32 1,41 2,50 
AT1G19380 "unknown protein" 2,48 1,03 1,71 
AT3G46080 "zinc finger (C2H2 type) family protein" 2,46 0,78 1,94 
AT5G51190 "AP2 domain-containing transcription factor, putative" 1,36 1,08 2,53 
AT1G80840 "WRKY40 (WRKY DNA-binding protein 40); transcription factor" 1,59 0,83 2,51 
AT5G08760 "unknown protein" 2,56 1,01 1,29 
AT1G07135 "glycine-rich protein" 1,73 1,07 2,02 

AT4G17500 

"ATERF-1 (ETHYLENE RESPONSIVE ELEMENT BINDING 
FACTOR 1); DNA binding / transcription factor/ transcriptional 
activator" 1,94 0,74 2,09 

AT4G11650 "ATOSM34 (OSMOTIN 34)" 1,65 1,31 1,77 
AT3G46280 "protein kinase-related" 1,77 0,80 2,08 
AT5G44568 "unknown protein" 2,13 1,06 1,45 
AT4G11890 "protein kinase family protein" 2,53 0,94 1,14 
AT1G25400 "unknown protein" 1,43 1,06 2,05 

AT1G64160 
"disease resistance-responsive family protein / dirigent family 
protein" 1,83 0,82 1,89 

AT4G22470 
"protease inhibitor/seed storage/lipid transfer protein (LTP) 
family protein" 1,94 0,80 1,80 

AT2G46750 "FAD-binding domain-containing protein" 1,71 1,02 1,69 
AT1G10340 "ankyrin repeat family protein" 2,41 0,82 1,18 
AT1G10070 "ATBCAT-2; branched-chain-amino-acid transaminase/ catalytic" 1,57 0,93 1,78 
AT2G41100 "TCH3 (TOUCH 3)" 2,16 0,75 1,35 
AT1G10070 "ATBCAT-2; branched-chain-amino-acid transaminase/ catalytic" 1,56 0,82 1,84 
AT5G46050 "ATPTR3/PTR3 (PEPTIDE TRANSPORTER PROTEIN 3); 1,53 0,98 1,71 
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transporter" 

AT3G26220 
"CYP71B3 (cytochrome P450, family 71, subfamily B, 
polypeptide 3); oxygen binding" 1,36 0,89 1,84 

AT3G46090 
"ZAT7; nucleic acid binding / transcription factor/ zinc ion 
binding" 1,59 1,05 1,45 

AT5G17350 "unknown protein" 0,76 1,22 2,11 
AT5G38200 catalytic 1,65 1,09 1,31 
AT4G31800 "WRKY18 (WRKY DNA-binding protein 18); transcription factor" 1,40 0,74 1,89 
AT3G45140 "LOX2 (LIPOXYGENASE 2)" 0,96 1,04 1,99 
AT3G55980 "zinc finger (CCCH-type) family protein" 1,10 0,72 2,16 

AT3G26210 
"CYP71B23 (cytochrome P450, family 71, subfamily B, 
polypeptide 23); oxygen binding" 1,58 1,07 1,22 

AT5G61600 "ethylene-responsive element-binding family protein" 1,09 1,09 1,69 
AT1G65390 "ATPP2-A5; transmembrane receptor" 1,67 0,88 1,24 
AT4G27280 "calcium-binding EF hand family protein" 0,98 1,03 1,75 
AT1G76600 "unknown protein" 1,19 0,75 1,78 
AT3G49780 "ATPSK4 (PHYTOSULFOKINE 4 PRECURSOR); growth factor" 1,39 0,80 1,44 
AT3G17050 0 1,25 0,77 1,56 

AT1G18300 
"ATNUDT4 (Arabidopsis thaliana Nudix hydrolase homolog 4); 
hydrolase" 0,75 0,90 1,88 

AT4G23030 "MATE efflux protein-related" 1,01 0,82 1,45 
AT4G24570 "mitochondrial substrate carrier family protein" 0,90 0,75 1,60 
AT2G41640 "unknown protein" 0,74 0,75 1,74 
AT2G28630 "beta-ketoacyl-CoA synthase family protein" 1,07 0,88 1,27 
AT1G73500 "ATMKK9 (Arabidopsis thaliana MAP kinase kinase 9); kinase" 0,87 0,74 1,55 
AT4G01250 "WRKY22 (WRKY DNA-binding protein 22); transcription factor" 1,14 0,82 1,13 
AT1G76650 "calcium-binding EF hand family protein" 0,87 0,91 1,18 
 
Table 1: List of genes upregulated in common in the cell adhesion defective mutants 
Each gene is represented by its gene ID and the annotation of its function as provided by the analysis of the 
CATMAv7 chip. The numbers in the right column are the fold changes in expression of the gene between the 
two compared lines 

 
Gene	  ID	   CATMA	  annotation	   qua1-‐1	  vs	  WS	   qua2-‐1	  vs	  col-‐0	   frb1-‐2	  vs	  Col-‐0	  
AT4G27670 "HSP21 (HEAT SHOCK PROTEIN 21)" -0,75 -1,27 -4,71 
AT5G37970 "S-adenosyl-L-methionine:carboxyl methyltransferase family protein" -1,97 -2,63 -1,31 
AT5G37990 S-adenosylmethionine-dependentmethyltransferase -1,84 -2,52 -1,17 
AT4G14060 "major latex protein-related / MLP-related" -1,92 -2,07 -1,35 
AT2G39510 "nodulin MtN21 family protein" -1,64 -1,81 -1,49 
AT1G77530 "O-methyltransferase family 2 protein" -1,18 -2,25 -1,16 

AT1G08090 
"ATNRT2:1 (Arabidopsis thaliana high affinity nitrate transporter 2.1); 
nitrate transporter" -1,35 -1,19 -2,03 

AT4G22214 "unknown protein" -1,97 -1,07 -1,34 
AT4G11210 "disease resistance-responsive family protein / dirigent family protein" -2,08 -1,02 -1,25 
AT3G48940 "remorin family protein" -1,69 -1,21 -1,33 
AT5G35940 "jacalin lectin family protein" -1,26 -0,87 -2,09 
AT5G37980 "NADP-dependent oxidoreductase, putative" -1,22 -1,61 -1,35 
AT2G22930 "glycosyltransferase family protein" -1,69 -1,18 -1,19 
AT4G33790 "acyl CoA reductase, putative" -1,46 -0,98 -1,57 
AT5G53250 "AGP22/ATAGP22 (ARABINOGALACTAN PROTEINS 22)" -1,69 -0,78 -1,47 
AT5G03545 "unknown protein" -1,63 -0,98 -1,28 
AT4G15390 "transferase family protein" -1,10 -0,90 -1,69 
AT1G35250 "thioesterase family protein" -1,21 -1,07 -1,40 
AT3G31415 "terpene synthase/cyclase family protein" -0,86 -1,54 -1,28 
AT2G19060 "GDSL-motif lipase/hydrolase family protein" -1,44 -0,72 -1,41 

AT5G47450 
"AtTIP2;3 (Arabidopsis thaliana tonoplast intrinsic protein 2;3); water 
channel" -1,07 -1,09 -1,41 

AT3G30280 "transferase family protein" -1,02 -0,91 -1,62 
AT3G09680 "40S ribosomal protein S23 (RPS23A)" -0,73 -1,19 -1,54 
AT4G25250 "invertase/pectin methylesterase inhibitor family protein" -1,35 -0,79 -1,17 

AT5G48070 

"ATXTH20 (XYLOGLUCAN 
ENDOTRANSGLUCOSYLASE/HYDROLASE 20); hydrolase, acting 
on glycosyl bonds" -0,73 -1,25 -1,23 
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AT5G52260 
"AtMYB19 (myb domain protein 19); DNA binding / transcription 
factor" -0,88 -0,84 -1,44 

AT1G34040 "alliinase family protein" -1,02 -0,77 -1,26 

AT5G25880 

"ATNADP-ME3 (NADP-MALIC ENZYME 3); malate dehydrogenase 
(oxaloacetate-decarboxylating) (NADP+)/ malic enzyme/ 
oxidoreductase, acting on NADH or NADPH, NAD or NADP as 
acceptor" -0,96 -0,76 -1,22 

AT4G25760 "unknown protein" -0,83 -0,88 -1,22 
AT3G06035 "unknown protein" -0,93 -0,74 -1,22 

	  
Table 2: List of genes downregulated in common in the cell adhesion defective mutants 
Similar to table 1 
	  

 
Gene	  ID	   CATMA	  annotation	   qua2-‐1/esmd1-‐1	  vs	  qua2-‐1	   frb1-‐2/esmd1-‐1	  vs	  frb1-‐2	  
AT3G49620 "DIN11 (DARK INDUCIBLE 11); oxidoreductase" 5,02 0,94 

AT2G29460 
"ATGSTU4 (GLUTATHIONE S-TRANSFERASE 22); glutathione 
transferase" 3,11 1,93 

AT3G26830 "oxygen binding" 2,03 2,60 

AT2G30770 
"CYP71A13 (cytochrome P450, family 71, subfamily A, 
polypeptide 13); oxygen binding" 2,16 2,46 

AT2G23270 "unknown protein" 2,39 1,92 
AT2G28210 "carbonic anhydrase family protein" 1,15 3,15 

AT3G45060 
"ATNRT2.6 (Arabidopsis thaliana high affinity nitrate transporter 
2.6); nitrate transporter" 2,69 1,57 

AT3G44860 
"S-adenosyl-L-methionine:carboxyl methyltransferase family 
protein" 2,68 1,53 

AT1G21525 pseudogene 3,02 0,91 
AT2G44578 "protein binding / zinc ion binding" 1,88 1,96 
AT1G56240 "ATPP2-B13 (Phloem protein 2-B13)" 2,87 0,84 
AT5G40990 "GLIP1 (GDSL LIPASE1); carboxylic ester hydrolase" 0,95 2,74 

AT1G69930 
"ATGSTU11 (Arabidopsis thaliana Glutathione S-transferase 
(class tau) 11); glutathione transferase" 2,56 1,11 

AT1G05880 "zinc ion binding" 0,92 2,52 

AT3G26200 
"CYP71B22 (cytochrome P450, family 71, subfamily B, 
polypeptide 22); oxygen binding" 1,14 2,30 

AT5G25250 "unknown protein" 2,41 0,99 
AT4G37290 "unknown protein" 1,89 1,51 
AT1G68390 "unknown protein" 1,48 1,92 
AT5G40590 "DC1 domain-containing protein" 0,90 2,50 

AT4G14630 
"GLP9 (GERMIN-LIKE PROTEIN 9); manganese ion binding / 
metal ion binding / nutrient reservoir" 0,84 2,52 

AT2G44581 "unknown protein" 1,52 1,81 
AT5G56960 "basic helix-loop-helix (bHLH) family protein" 1,35 1,92 
AT4G16820 "lipase class 3 family protein" 1,82 1,41 
AT5G64905 "PROPEP3 (Elicitor peptide 3 precursor)" 2,08 1,10 
AT1G53625 "unknown protein" 2,04 1,08 
AT3G15356 "legume lectin family protein" 1,91 1,21 
AT1G56060 "unknown protein" 2,11 0,98 
AT3G29000 "calcium-binding EF hand family protein" 2,20 0,87 
AT3G60120 "glycosyl hydrolase family 1 protein" 1,99 1,08 
AT2G35980 "YLS9 (YELLOW-LEAF-SPECIFIC GENE 9)" 1,86 1,21 
AT4G28460 "unknown protein" 1,73 1,30 
AT5G24110 "WRKY30 (WRKY DNA-binding protein 30); transcription factor" 1,12 1,90 
AT5G26920 "calmodulin binding" 1,84 1,16 
AT5G22520 "unknown protein" 1,74 1,24 
AT1G35210 "unknown protein" 1,96 0,99 
AT4G11170 "disease resistance protein (TIR-NBS-LRR class), putative" 1,96 0,97 
AT5G39670 "calcium-binding EF hand family protein" 1,71 1,19 
AT1G26380 "FAD-binding domain-containing protein" 1,55 1,31 
AT2G40740 "WRKY55 (WRKY DNA-binding protein 55)" 1,15 1,70 
AT3G19615 "unknown protein" 1,79 1,02 
AT4G22030 "F-box family protein" 1,33 1,48 
AT3E13410 0 1,54 1,22 
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AT3G23550 "MATE efflux family protein" 1,89 0,84 

AT5G57220 
"CYP81F2 (cytochrome P450, family 81, subfamily F, polypeptide 
2); oxygen binding" 1,45 1,25 

AT1G28480 "glutaredoxin family protein" 1,41 1,29 
AT1G78410 "VQ motif-containing protein" 1,33 1,30 
AT5G03545 "unknown protein" 1,52 1,10 
AT4G00130 "unknown protein" 1,30 1,30 
AT5G64890 "PROPEP2 (Elicitor peptide 2 precursor)" 1,42 1,17 
AT2G24850 "TAT3 (TYROSINE AMINOTRANSFERASE 3); transaminase" 1,14 1,44 

AT3G49110 
"ATPCA/ATPRX33/PRX33/PRXCA (PEROXIDASE 33); 
peroxidase" 1,33 1,22 

AT1G51920 "unknown protein" 1,16 1,39 

AT2G30750 
"CYP71A12 (cytochrome P450, family 71, subfamily A, 
polypeptide 12); oxygen binding" 0,94 1,61 

AT2G38860 "YLS5 (yellow-leaf-specific gene 5)" 1,50 1,04 
AT5G22530 "unknown protein" 1,48 1,05 
AT5G18470 "curculin-like (mannose-binding) lectin family protein" 1,37 1,14 
AT1E38580 0 1,65 0,83 
AT3G48650 pseudogene 1,58 0,87 

AT1G18570 
"MYB51 (myb domain protein 51); DNA binding / transcription 
factor" 1,48 0,97 

AT3G23230 "ethylene-responsive factor, putative" 1,41 1,04 
AT1G26400 "FAD-binding domain-containing protein" 1,39 1,06 

AT5G61160 
"AACT1 (ANTHOCYANIN 5-AROMATIC ACYLTRANSFERASE 
1); transferase" 1,26 1,17 

AT2G02010 "glutamate decarboxylase, putative" 0,96 1,46 
AT1G06137 "unknown protein" 1,33 1,08 

AT3G45060 
"ATNRT2.6 (Arabidopsis thaliana high affinity nitrate transporter 
2.6); nitrate transporter" 1,04 1,36 

AT5G44990 "unknown protein" 1,19 1,20 

AT2G18670 
"zinc finger (C3HC4-type RING finger) family protein","unknown 
protein" 1,15 1,23 

AT1G25220 
"ASB1 (ANTHRANILATE SYNTHASE BETA SUBUNIT 1); 
anthranilate synthase" 1,32 1,05 

AT1G13520 "unknown protein" 1,27 1,07 
AT1G10585 "transcription factor" 1,05 1,29 
AT5G52750 "heavy-metal-associated domain-containing protein" 1,51 0,82 

AT1G64160 
"disease resistance-responsive family protein / dirigent family 
protein" 1,10 1,21 

AT2G37430 "zinc finger (C2H2 type) family protein (ZAT11)" 1,48 0,82 

AT1G02930 
"ATGSTF6 (EARLY RESPONSIVE TO DEHYDRATION 11); 
glutathione transferase" 1,46 0,83 

AT3G54640 
"TSA1 (TRYPTOPHAN SYNTHASE ALPHA CHAIN); tryptophan 
synthase" 1,25 1,03 

AT1G11610 
"CYP71A18 (cytochrome P450, family 71, subfamily A, 
polypeptide 18); oxygen binding" 0,87 1,41 

AT1G74100 "sulfotransferase family protein" 1,19 1,08 
AT1G21120 "O-methyltransferase, putative" 0,97 1,25 
AT5G22300 "NIT4 (NITRILASE 4)" 1,19 1,01 

AT1G24807 

"anthranilate synthase beta subunit, putative","anthranilate 
synthase beta subunit, putative","anthranilate synthase beta 
subunit, putative","anthranilate synthase beta subunit, putative" 1,10 1,09 

AT3G28930 "AIG2 (AVRRPT2-INDUCED GENE 2)" 1,20 0,97 
AT1G30370 "lipase class 3 family protein" 1,10 1,04 
AT1G26420 "FAD-binding domain-containing protein" 1,27 0,84 
AT2G40180 "protein phosphatase 2C, putative / PP2C, putative" 0,97 1,13 
AT5G19240 "unknown protein" 1,02 1,06 
AT4G40020 "unknown protein" 1,13 0,93 
AT5G54490 "PBP1 (PINOID-BINDING PROTEIN 1); calcium ion binding" 1,22 0,83 
AT1G76470 "cinnamoyl-CoA reductase" 1,11 0,94 
AT3G25250 "AGC2-1 (OXIDATIVE SIGNAL-INDUCIBLE1); kinase" 1,08 0,96 
AT3G48640 "unknown protein" 1,12 0,91 

AT1G69920 
"ATGSTU12 (Arabidopsis thaliana Glutathione S-transferase 
(class tau) 12); glutathione transferase" 0,90 1,12 

AT5G38900 "DSBA oxidoreductase family protein" 1,16 0,85 
AT5G40000 "AAA-type ATPase family protein" 0,84 1,17 
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AT3G53600 "zinc finger (C2H2 type) family protein" 0,94 1,06 
AT5G13490 "AAC2 (ADP/ATP CARRIER 2); ATP:ADP antiporter/ binding" 1,06 0,92 
AT3G02800 "phosphoprotein phosphatase" 1,03 0,92 
AT5G37490 "U-box domain-containing protein" 0,91 1,04 
AT5G65600 "legume lectin family protein / protein kinase family protein" 0,99 0,92 

AT5G17990 
"TRP1 (TRYPTOPHAN BIOSYNTHESIS 1); anthranilate 
phosphoribosyltransferase" 1,01 0,89 

AT1G47510 "endonuclease/exonuclease/phosphatase family protein" 0,97 0,88 
AT3G56400 "WRKY70 (WRKY DNA-binding protein 70); transcription factor" 0,83 1,02 
AT5G51830 "pfkB-type carbohydrate kinase family protein" 0,99 0,82 
AT5G54710 "ankyrin repeat family protein" 0,91 0,88 
AT2G31345 "unknown protein" 0,85 0,94 

AT2G34500 
"CYP710A1 (cytochrome P450, family 710, subfamily A, 
polypeptide 1); C-22 sterol desaturase/ oxygen binding" 0,87 0,89 

 
Table 3: List of genes upregulated in common specific to the restoration of the cell adhesion defect by 
esmd1-1 
Similar to table 1 
	  
	  
Gene	  ID	   CATMA	  annotation	   qua2-‐1/esmd1-‐1	  vs	  qua2-‐1	   frb1-‐2/esmd1-‐1	  vs	  frb1-‐2	  

AT3G60290 

"oxidoreductase, acting on paired donors, with incorporation or 
reduction of molecular oxygen, 2-oxoglutarate as one donor, and 
incorporation of one atom each of oxygen into both donors" -1,00 -2,43 

AT2G38530 "LTP2 (LIPID TRANSFER PROTEIN 2); lipid binding" -1,24 -2,24 
AT3G20470 pseudogene -2,25 -2,15 
AT2G42530 "cold-responsive protein / cold-regulated protein (cor15b)" -1,12 -1,28 

AT2G46970 
"PIL1 (PHYTOCHROME INTERACTING FACTOR 3-LIKE 1); 
transcription factor" -0,88 -1,16 

AT1G12610 
"DDF1 (DWARF AND DELAYED FLOWERING 1); DNA binding / 
transcription factor" -0,92 -1,10 

AT2G42530 "cold-responsive protein / cold-regulated protein (cor15b)" -0,95 -1,09 
AT3G16670 "unknown protein" -1,03 -1,06 

AT1G18710 
"AtMYB47 (myb domain protein 47); DNA binding / transcription 
factor" -1,14 -0,85 

AT3G28270 "unknown protein" -0,84 -0,83 

AT4G12545 
"protease inhibitor/seed storage/lipid transfer protein (LTP) family 
protein" -0,85 -0,81 

AT5G44440 "FAD-binding domain-containing protein" -1,19 -0,79 

AT1G78490 
"CYP708A3 (cytochrome P450, family 708, subfamily A, 
polypeptide 3); oxygen binding" -0,87 -0,78 

AT3G14210 
"ESM1 (EPITHIOSPECIFIER MODIFIER 1); carboxylic ester 
hydrolase" -1,01 -0,74 

AT5G03350 "legume lectin family protein" -1,41 -0,71 

AT1G01600 
"CYP86A4 (cytochrome P450, family 86, subfamily A, polypeptide 
4); oxygen binding" -0,84 -0,61 

AT1G10640 "polygalacturonase, putative / pectinase, putative" -1,04 -0,55 

	  
Table 4: List of genes downregulated in common specific to the restoration of the cell adhesion defect by 
esmd1-1 
Similar to table 1 
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III. Experimental procedures 
 

Plant material and growth conditions 

 

Arabidopsis thaliana seedlings were grown at 20°C on solid custom made Duchefa 

(www.duchefa-biochemie.com/) medium with various agarose and sucrose concentration 

depending on the experiment. The seeds were cold-treated for 48 h to synchronize 

germination, and the plants were grown in a 16 h light/8 h dark cycle. For dark growth 

conditions, seeds were exposed to light for 4 h to induce germination, after which plates were 

wrapped in three layers of aluminum foil. Seedling age was counted starting from the light 

exposure. 

Adult plants were grown either in a greenhouse or a growth chamber at 20°C in a 16 h light/8 

h dark cycle. 

 

Generation of the ESMD1 and FRB1 Pichia expression constructs. 

 

Codon optimized sequences for the expression in Pichia pastoris were ordered from life 

technologies (http://www.lifetechnologies.com/). These sequences were designed similarly 

for ESMD1 and FRB1 and correspond to the coding sequence of the gene without the peptide 

signal and without the C-terminal transmembrane domain. Cloning was done following the 

instructions from the “EasySelect Pichia Expression Kit” (http://www.lifetechnologies.com/). 

Both constructs were cloned into the pPICZαA expression vector using the 5’ EcoRI site and 

3’XbaI site to create an in frame fusion with the N-terminal secretion a-factor and the C-

terminal c-myc tag followed by the polyhistidine tag. The plasmids were first transformed 

into E.coli for amplification and the sequence and frame were verified. The plasmids were 

then extracted, purified and transformed into Pichia as described in the “EasySelect Pichia 

Expression Kit”. Five to ten transformed strains per construct were assayed for the secretion 

of the protein in the medium by SDS-PAGE.  

 

Generation of the 35S::WAK:GFP and 35S::EGF-WAK:GFP constructs and transgenic 

plants 
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Constructions were made following the gateway strategy (Invitrogen, http:// 

www.invitrogen.com) as described in the gateway technology instruction manual from the 

Gateway cloning kit.  

For the 35S::WAK:GFP constructs, the full length genomic sequences from the traduction 

initiation site to the codon just before the stop codon of WAK1-4 were PCR amplified from 

col-0 using attB flanked primers and the Phusion High-fidelity DNA polymerase (Thermo 

Fischer Scientific; Cat. No. F-530S).  

WAK1attB1 (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAAGGTGCAGGAGGGTT-3’) 

WAK2attB1 (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAAGGTACAGGAGGGTT-3’) 

WAK3attB1 (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAAGTTCCAGGAGGGTG-3’) 

WAK4attB1 (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAAAGTGCAGCGTCTGT-3’) 

WAK1/3attB2 (5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTAGCGGCCAGTTTCAATGTCC-3’) 

WAK2attB2 (5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTAACGGCCAGCTTCAATGTCC-3’) 

WAK4attB2 (5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTAGCGGCCTGCTTCAATGTCC-3’) 

The PCR products were first recombined into the pDONR207 donor vector and later in the 

pGWB5 destination vector placing the gene under the CMVp35S promoter and in frame with 

a C-terminal GFP. After each steps the constructs were transformed into E. coli for 

amplification and the sequences were verified. Finally they were transformed into the C58 

strain of A. tumefaciens and used for the transformation of Arabidopsis thaliana plants by the 

floral dip method (Clough and Bent, 1998). T1 transformants were selected on 50 mg mL– 1 

hygromycin and T2 plants were used for the experiments after the selection by western blot 

analysis with an anti-GFP antibody of the plants expressing the fusion protein. 

For 35S::EGF-WAK:GFP constructs, the signal peptide and the EGF1-EGF2-transmembrane 

domain were first amplified independently. The construct was done for WAK1 and WAK2. 

Using an attB1 flanked primer in 5’ of the signal peptide, an attB2 flanked primer in 3’ of the 

EGF1-EGF2-TM, and overlapping primers were designed that overlap the 3’ of the signal 

peptide and the 5’ of the EGF1-EGF2-TM.  
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SP-WAK1attB1 (W1sigFW attB1) (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAAGGTGCAGGAGGGTTT-3’) 

SP-EGF-WAK1overlapRV (W1sigRV) (5’-

GTCTGATTTCCAACAGACCACCCCTTCACCAGCTGCGTACA-3’) 

SP-EGF-WAK1overlapFW (W1egfFW) (5’-

TGTACGCAGCTGGTGAAGGGGTGGTCTGTTGGAAATCAGAC-3’) 

EGF-TM-WAK1attB2 (W1egfRV attB2) (5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTACAGGTGCTTCATTCTCTGT-3’) 

SP-WAK2attB1 (W2sigFW attB1) (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAAGGTACAGGAGGGTTT-3’) 

SP-EGF-WAK2overlapRV (W2sigRV) (5’-

GTCTTGTCTCCGATAGACCACCCCTTGACTAGCTGCGTAT-3’) 

SP-EGF-WAK2overlapFW (W2egfFW) (5’-

ATACGCAGCTAGTCAAGGGGTGGTCTATCGGAGACAAGAC-3’) 

EGF-TM-WAK2attB2 (W2egfRV attB2) (5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTATGTGTTCTTCCGGTGCTTA-3’) 

 

The reverse overlapping primer was used to amplify the signal peptide with the attB1 primer. 

And forward overlapping primer was used to amplify the EGF1-EGF2-TM with the attB2 

primer. Independent PCR amplification of the two fragments was done on col-0 cDNA for 35 

cycles. A subset of the product of both reactions was then pool and used as template for PCR 

amplification with the attB1 and attB2 primers, in order to obtain the chimeric fragment 

containing the signal peptide followed by the EGF1-EGF2-TM. PCR amplifications were 

done using the Phusion High-fidelity DNA polymerase (Thermo Fischer Scientific; Cat. No. 

F-530S). 

Then a similar strategy was used as for the 35S::WAK:GFP constructs except that the 

destination vector used was the pMDC83 which also places the gene under the CMVp35S 

promoter and in frame with a C-terminal GFP, but is overall a smaller plasmid more suited for 

transient protoplast transformation. 

 

Generation pEMSD1::GUS constructs, and GUS staining 

 

Constructions were made following the gateway strategy as described above. 
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The ESMD1 promoter was amplified using the gateway primers ESMD1 attB1 promoter (esm 

attB1pr)  (5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGGACGAGGACATCCTTGGTA-3’) 

and ESMD1 attB2 promoter (esm attB2pr) (5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTTATCGACAGATCTCAATCTC-3’) as 

described above into the pGWB3 destination vector placing the uidA reporter gene under the 

control of the ESMD1 2168pb upstream sequence. T2 plants were used for the experiments 

after the selection of a representative line in terms of GUS staining pattern and with a 3:1 

segregation of the GUS coloration indicating a single insertion locus of the construct. 

GUS assays were performed as described in Jefferson et al (1987) on seedlings, and fixed in 

100% ethanol. 

 

Protein extraction and buffers 

 

Protein extraction was carried out either on seedlings or on adult plant leaf discs. In the case 

of adult plants leaf discs, they were harvested in the greenhouse and immediately frozen in 

liquid nitrogen. Seedlings were also flash frozen in liquid nitrogen before grinding. From the 

harvest point, the samples were handled in liquid nitrogen, and on ice after grinding. The 

tissues were ground using a mortar and pestle. Depending on the experiments, the tissues 

were either ground in 50mM TrisHCl pH6.8, 50mM TrisHCl pH6.8 supplemented with anti-

protease cocktail (cOmplete ULTRA Tablets, mini, EDTA-free, EASYpack; 

http://lifescience.roche.com/), directly into 1X Laemmli, or 1X modified Laemmli for WAK 

extraction (see below for composition). When different fractions were separated, the samples 

were first ground in 50mM TrisHCl pH6.8 supplemented with anti-protease cocktail, 

centrifuge at 10,000g for 10 minutes and the cell wall fraction was additionally extracted with 

either the 4%SDS / 50mM DTT WAK extraction buffer and boiled for 10 minutes, 0.05M 

CDTA (1,2-diaminocyclohexanetetraacetic acid) for 2h at room temperature, 0.05M Na2CO3 

for 14h at room temperature, or the protoplast cell wall degradation cocktail for 16h at room 

temperature. The samples were then re-centrifuged at 10,000g for 10 minutes and the 

different fraction separated. Finally the samples that were not directly ground in Laemmli 

were supplemented with 1 volume of 2X Laemmli, and all the samples were boiled for 10 

minutes before gel migration.  
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Laemmli1X: 50mM TrisHCl pH6.8, 2% SDS, 10% glycerol, 0,01% Bromophenol Blue  

Laemmli2X: 50mM TrisHCl pH6.8, 4% SDS, 20% glycerol 0,02% Bromophenol Blue  

WAK extraction buffer: 50mM TrisHCl pH6.8, 50mM DTT, 4% SDS, 10% glycerol  

Laemmli 1X WAK: Same as 4%SDS/50mM DTT WAK extraction buffer with 0,01% 

Bromophenol Blue  

Protoplast cell wall degradation cocktail: 50mM TrisHCl pH6.8, 0.1% Onozuka cellulase R10 

(Duchefa), 0.015% Macerozyme R10 (Duchefa) and  0.02% driselase (Sigma-Aldrich) 

 

Protoplastes (see preparation and transient transformation below) were lysed by adding 800µl 

of lysis buffer to 200µl protoplast suspension.  

Protoplast lysis buffer : 10mM TrisHCl pH8, 1mM EDTA, 150mM NaCl and 1,25% (V/V) 

Triton X100. 

Microsomes were prepared  by centrifugation of the lysate for 10 min at 10,000G. The 

supernatant was then ultracentrifuged for 1h at 100,000g. 1X Laemmli was then added to the 

microsomal pellet and the samples were boiled for 10 minutes before gel migration.  

 

GFP trap 

 

Immunoprecipitation of the GFP-fusion protein was done with the GFP-Trap ® _M kit from 

Chromotek (www.chromotek.com), following the instructions provided in the manual. 

 

Western blot analysis 

 

The extracts were run on 10% acrylamide gels for various times depending on the expected 

size of the protein of interest, variable voltage and 60mA intensity. The PageRuler protein 

ladder (Thermo scientific) was used. Semi dry transfer of the protein was carried out onto 

nitrocellulose c-hybond extra membrane (Amersham) using a caproic acid three phase buffer 

for 1 h and with various voltage and amperage depending on the surface of transfer (Kurien 

and Scofield, 2003). The membrane was then saturated in 5% milk powder in phosphate-

buffered saline (MPBS) for 1h at room temperature. Primary antibody incubation was done in 

MPBS containing 1/5000 AbCAM A290 anti-GFP antibody (http://www.abcam.com/) for 1h 

at room temperature. The membrane was washed 3 times 10 minutes in PBS. Secondary 

antibody incubation was done in MPBS containing 1/10000 Santa Cruz Biotechnology anti-
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rabbit HRP grafted antibody (http://www.scbt.com/) for 1h at room temperature. The 

membrane was washed 3 times 10 minutes in PBS. The ECL Select GE Healthcare 

(http://www.gelifesciences.com/) was used for revelation and imaging of the membranes was 

done with the ImageQuant LAS4000. 

 

Click chemistry 

 

The seedlings were grown on a medium containing 2.5 µM Fucose Alkyne 

(https://www.lifetechnologies.com/) as described in Anderson et al (2012). The click reaction 

was done either on a protein extract or on a blot membrane after transfer. 

Seventy six microliter of 1M TrisHCl pH8 and 1.5 µl of Alexa Fluor ® 488 Azide 

(https://www.lifetechnologies.com/) or Biotin Azide (https://www.lifetechnologies.com/) 

were added to 50 µl of the protein extract. Seven and a half microliter of 10 mM CuSo4 was 

then added and the mix was vortexed. Seven and a half microliter of 20 mM TBTA 

(Tris(benzyltriazolylmethyl)amine) was then added and the mix was vortexed. After 2-3 

minutes incubation at room temperature, 7,5 µL of 40mM Ascorbic acid was then added and 

the mix was vortexed. The mix was then incubated a in the dark at room temperature for 20 

minutes. 

After boiling in laemmli the extracts were migrated on gel and transferred onto a 

nitrocellulose membrane. In the case of the Alexa Fluor ® 488 Azide the membrane was then 

scanned in a fluorescence scanner. In the case of the Biotin Azide, the signal was detected 

with a HRP grafted streptavidin and as described in the western blot section. 

For the click reaction directly on membrane the same reagents were used but in a single mix 

and with the addition of 50 µl water (instead of the 50 µl protein extract), spread on the blot 

membrane and incubated a in the dark at room temperature for 20 minutes. Signal observation 

was done as described above. 

 

Protoplast preparation and transient transformation 

 

The protoplasts were prepared and transformed following either Axelos et al (1992) on a Col-

0 cell suspension culture available at the institute or following Yoo et al. (2007) on rosette 

leaves from 4 to 5 weeks old plants grown in the greenhouse in short days conditions. 
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Confocal microscopy observation or western blot analyses were performed approximately 

16h-24h after transformation. 

 

FTIR 

 

Four-day-old dark grown hypocotyls were squashed between two BaF2 windows and 

abundantly rinsed in distilled water for 2 min. The samples were then dried on the window at 

37°C for 20 min. An area of 50 mm X 50 mm halfway the hypocotyl, on the side of the 

central cylinder, was selected for spectra collection. Spectra were collected using a 

ThermoNicolet Nexus spectrometer with a Continuum microscope accessory. Fifty 

interferograms were collected in transmission mode with 8 cm-1 resolution and co-added to 

improve the signal-to-noise ratio of the spectrum. 

 

Cell wall monosaccharides composition and uronic acid content 

 

The polysaccharides analyses were performed on an alcohol insoluble material prepared as 

follows. Hundred mg (FW) of ground 8d old light grown seedlings grown on a medium 

without sucrose, were washed twice in 4 volumes of absolute ethanol for 15 min, then rinsed 

twice in 4 volumes of acetone at room temperature for 10 min and left to dry under a fume 

hood overnight at room temperature. Neutral monosaccharide composition was performed on 

5 mg of dried alcohol insoluble material after hydrolysis in 2.5 M trifluoroacetic acid (TFA) 

for 1.5 h at 100 °C as described in (Harholt et al., 2006). Quantification was performed using 

HPAEC-PAD chromatography as described in (Harholt et al., 2006). 

Galacturonic acid content was measured as described in Part I of this chapter and following 

the quantification method described in Blumenkrantz & Asboe-Hansen (1973).  

 

RNA preparation for the microarray analysis 

 

The seedlings were grown in vitro in a liquid medium without sucrose. After 8 days about 20 

seedlings per genotype and biological replicate, were flash frozen in liquid nitrogen. Three 

biological replicates were done. Total RNA isolation was carried out with the RNeasy plant 

mini kit (qiagen) according to the manufacturer’s instruction and with the on column DNA 

digestion using Rnase-Free DNase (qiagen). The biological replicates were then pooled for 
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economic reasons. The microarray hybridation and data extraction were performed at the 

URGV transcriptomic platform (http://www-urgv.versailles.inra.fr/microarray/), on CATMA 

V7 chips. All raw and normalized data will be available through the CATdb database (Gagnot 

et al., 2008) and from the Gene Expression Omnibus (GEO) repository at the National Center 

for Biotechnology Information (NCBI) (Barrett et al., 2007) when deposited. 

 

OG induction, RNA extraction, cDNA synthesis and qPCR quantification of gene expression 

 

Seedlings were grown in vitro in a liquid medium without sucrose. After 8 days the seedling 

were treated by adding oligogalacturonides (OGs) degree of polymerization >9 to a final 

concentration of 50 µg.ml-1, or were not treated. After three hours induction, the plants, about 

20 seedlings per conditions and biological replicate, were flash frozen in liquid nitrogen. 

Three biological replicates were done. Total RNA isolation was carried out with the RNeasy 

plant mini kit (qiagen) according to the manufacturer’s instruction and with the on column 

DNA digestion using Rnase-Free DNase (qiagen). cDNA was synthesized using 1 µg of total 

RNA and the SuperScript® II Reverse Transcriptase (Invitrogen) according to the 

manufacturer’s instructions. Real time PCR reactions were performed in CFX Connect™ 

Real-Time PCR Detection System (Bio-Rad) using the SsoAdvanced™ Universal SYBR ® 

Green Supermix, 25-100ng cDNA template and 250 nM of each gene-specific primer in a 

final reaction volume of 15 µL. The primers used for FADLox (At1g26380) and PAD3 

(At3g26830) are those described in Denoux et al. (2008). GADPH (At1g13440) and UBQ10 

(At4g05320) were used as reference genes with the primers described in Czechowski et al 

(2005). Each sample reaction was run in three technical replicates. The Ct values of the tested 

genes were normalized to the reference genes and each reference-normalized samples were 

then normalized to the wild type non treated samples and the fold change in expression level 

were calculated. Relative expression of the RT-PCR products was determined using the DDCt 

method (Livak and Schmittgen, 2001). 

 

Botrytis maceration assay 

 

B. cinerea, strain B05, spores were harvested in a Potato Dextrose Broth (PDB) liquid 

medium from a 10d old culture on a petri dish. The harvested spores were filtered on a 25 µm 

nylon mesh, diluted to a concentration of 5.10^5 spores/ml in PDB and germinated for 3h. 

Inoculation with two drops of 10 µl of spore suspension per leaf was done on 6 weeks old 
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leaves from four independent plants per genotypes, placed in a petri dish on a wet whatman 

paper. The mock treatment was done with PBD alone. Observations were made 48 and 96 

hours after inoculation. 

 

Laser scanning confocal microscopy 

 

Images were collected using a spectral Leica SP2 AOBS confocal microscope (Leica 

Microsystems, http://www.leica-microsystems.com) equipped with an argon laser. For GFP, 

fm4-64 and chlorophyll autofluorescence observation, excitation was performed using the 

argon ion laser at 488 nm, and fluorescence was detected at 495–540 nm (GFP) and 560–620 

nm (fm4-64 and chlorophyll autofluorescence). 
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Preamble: 

The second part of my PhD project consisted in the screening and the characterization of 

small molecules with a suppressor effect on the cell adhesion defect and/or sucrose sensitivity 

of the mutants quasimodo1 and quasimodo2. 

In order to uncouple the two most prominent phenotypes of the quasimodo mutants, I realized 

two screens in parallel. The screening consisted in the identification of small molecules that 

restored specifically the cell adhesion defect of quasimodo in one screen and molecules that 

restored specifically the sucrose sensitivity of quasimodo in the other screen. The rationale of 

this approach was to isolate the chemical tools to dissect the phenotypes of quasimodo. 

For this work I had the opportunity to realize the chemical genomic screening in Stéphanie 

Robert’s lab (UPSC, Umeå, Sweden). I then undertook the characterization of the small 

molecules. In the context of this work I supervised Clément Férésini, a Master1 student that 

carried out some of the experiment that are reported in this chapter. 

In this chapter* I describe the chemical genomic screening, secondary screenings, and the 

identification of the target (or putative target for some) of some of the molecules that were 

isolated in the screen. These result reveal that the inhibition of auxin transport as well as the 

inhibition of the pectin methyl esterase activity are sufficient to restore the phenotype of 

quasimodo. 

 

 

 

 

 

 

 

 

 

 

 

 

*This chapter is written under the form of a publication and will be submitted for publication 

after minor changes, replication of some experiments and the addition of some of the 

complementary experiment that are suggested as “interesting” in the results and discussion. 
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abstract 
 

A number of studies on the processes of cell separation in developmentally regulated events 

such as floral organs abscission have shed some light on what controls cell separation in these 

specific events. On the other hand, we have a rough idea of how cells stay attached to each 

other in plants, but the precise mechanisms and the molecular players that regulate and 

maintain cell adhesion during growth and development, when the cell wall is constantly 

synthesized and remodeled are still not clear. quasimodo1 and quasimodo2 are Arabidopsis 

thaliana mutants that are deficient in pectin synthesis and that are affected in cell adhesion. 

Here we report the chemical genomics screening for suppressor molecules that are able to 

restore quasimodo cell adhesion defect and quasimodo sensitivity to carbon/nitrogen (C/N) 

imbalance. We were able to efficiently identify the putative activity of some of these 

suppressor compounds and confirmed, among other hypotheses, that the inhibition of auxin 
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transport and pectin methyl esterase (PME) activity were both sufficient to suppress the 

phenotype of quasimodo. We also tested the direct inhibitory effect of our hit compounds on 

the activity of purified PMEs, and have found that approximately one third of them were 

direct inhibitors of PME activity in vitro and did induce an increase in methyl esterification of 

the cell wall upon treatment. While this approach allowed us to identify the actual target of a 

number of the suppressor compounds, and leaves us with a shorter list of compounds to focus 

on for future work, it also provides interesting insights on the role of auxin transport and PME 

activity on the mechanisms of cell adhesion and C/N balance perception in plants.  

 

 

Introduction 
 

Cell adhesion in plants seems to depend mostly on the accumulation of pectin in the cell plate 

during the cell division (Jarvis et al., 2003). The retention of cell adhesion after cell division 

seems then be due to a lack of active degradation of this intercellular interface, the middle 

lamella, as well as a specific stiffening of the cell wall at the junction of three adjacent cells 

(Jarvis et al., 1998; Willats et al., 2001). Although cell adhesion is maintained in most tissues 

throughout plant’s development, cell separation occurs in certain organs or for certain specific 

events in plant development such as the pollen grain separation, petal shedding, fruit 

maturation, dehiscence, lateral root emergence and root cap detachment (Robert et al., 2002; 

estornell et al., 2013). These cell separation events are starting to be well understood and 

usually implicate ethylene and auxin, antagonistically inducing a peptide ligand triggered 

signaling pathway leading to the expression of cell wall remodeling enzymes to dissolve the 

middle lamella and promote cell separation (Aalen et al., 2013). 

The homogalacturonan (HG), a homopolymer of (1→4)-!-linked galacturonic acids, is the 

simplest and most abundant form of pectin (Voragen et al., 2009). Its interesting cross linking 

properties and the fact that it is mostly this type of pectin that accumulates at the middle 

lamella, makes it a particularly good candidate for being responsible for cell adhesion. HG is 

synthesized under a highly methyl esterified form and the key in the functional properties of 

HG is its ability to be actively modified and remodeled by endogenous apoplastic enzymes 

after it has been deposited to the cell wall (Sénéchal et al., 2014). HGs are mostly subjected to 

the Pectin Methyl Esterases (PME) (Micheli et al., 2001; Pelloux et al., 2007) that can remove 

the methyl ester groups in a random or in a blockwise manner. Long-enough stretches of de-
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methyl esterified HG can lead to the formation of crosslinks between two HG chains via the 

formation of calcium bridges (Willats et al., 2001), potentially leading to the stiffening the 

cell wall. However, a more random pattern of de-methyl esterification renders the HG more 

sensitive to degradation by polygalacturonases (PG), potentially leading to the loosening of 

the cell wall. In Addition, HG degradation by PG should lead to the formation of 

oligogalacturonans (OGs). These small pectin fragments are known elicitors of the defense 

responses, and act antagonistically to auxin to influence plant’s growth and development 

(Savatin et al., 2011; Ferrari et al., 2013). The modifications catalyzed by the PGs and PMEs 

along with the pectin acetyl esterases (PAE) and pectate lyases (PL), have a huge impact on 

the pectin structure and physicochemical properties (Willats et al., 2001), as well as on 

signaling (Wolf et al., 2012a). Interestingly these modifications in structure, physicochemical 

properties and signaling play a major role in controlling plant growth and development (Wolf 

et al., 2009) and also seem to be implicated in the control of cell adhesion. 

 

A number of mutants have been shown to present specific defects in cell adhesion or 

separation. Most of them are defective in cell separation during developmentally regulated 

events such as the floral organ abscission or the pollen grain separation. These mutants are 

usually affected in either upstream receptor of an endogenous signal for triggering cell 

separation (Stenvik et al., 2008), downstream regulators of the response (Cho et al., 2008; Shi 

et al., 2011), or actual cell wall remodeling enzymes implicated in cell separation. Among 

these last ones are for example quartet1, 2 and 3, respectively mutated in a PME and in two 

PGs, in which disruption of the activity prevents the separation of the four pollen grains after 

meiosis, by indirectly (PME) or directly (PG) preventing the degradation of the HG between 

the pollen grains (Rhee et al., 2003; Francis et al., 2006; Ogawa et al., 2009).  

On the other hand, some mutants show a defect in cell adhesion when the cells should remain 

attached. Mutations in QUASIMODO1/GAUT8 and QUASOMODO2/TSD2/OSU1 genes, 

respectively a putative galacturonosyltransferase of the GT8 family of glycosyltransferases, 

and a putative pectin methyltransferase, lead in both cases to about 50% reduction in HG 

content and a clear cells detachments phenotype (Bouton et al., 2002; Orfila et al., 2005; 

lebeouf et al., 2005; Mouille et al., 2007). In addition these two mutants are very sensitive to 

C/N imbalance (Gao et al., 2008), and have a tendency to develop callus instead of normal 

leaves and stems (Krupkova et al., 2007). Another cell adhesion defective mutant is friable1. 

It is affected in a putative O-fucosyltransferase (Neumetzler et al., 2012) and although the 

precise function of the gene affected could not be elucidated, the mutant presents various 
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modifications in the cell wall structure and composition with one of the major feature being a 

higher PME activity and a lower degree of pectin methyl esterification (Neumetzler et al., 

2012). 

 

Classical forward genetic screening has proven very powerful in order to isolate important 

genes implicated in cell adhesion, as is exemplified above. However it is usually limited to 

the identification of non redundant genes and non lethal mutations. In this regard, chemical 

genomics provides a way to circumvent these limitations (for reviews see (Robert et al., 2009; 

Tóth and van der Hoorn, 2010; Hicks and Raikhel, 2012)). The principle behind this approach 

is that small organic compounds with the capacity to pass through the membranes, can bind 

and disrupt the function of proteins (e.g. inhibition of catalytic activity or protein-protein 

interaction), with an effect comparable to a mutation. The advantages are that it may affect all 

or part of a redundant family of proteins, it can be added at any time point to induce its effect, 

the intensity of its effect should be dose dependent, and it can be removed by washing off of 

the molecule to stop the effect. The idea then is to screen for the effect of a large number of 

highly diverse drug-like compounds looking for those that induce the phenotype of interest. 

Overall it both provides a complementary approach to the genetic screening by affecting 

different types of genes, and it provides very useful tools for the study of a given pathway. 

The problem however, is that finding an interesting chemical doesn’t directly inform on the 

protein target that it binds to or the pathway that it affects. Biochemical approaches to purify 

the target protein and/or insensitivity genetics screening, among other approaches (Dejonghe 

and Russinova, 2014) are usually necessary to characterize the compound. Keeping in mind 

that the goal is either to use the molecule as a tool or to answer the biological question that 

was originally asked by doing the screening, it can turn out to be quite a lengthy process 

before being informative. An additional problem is that the chemical genomic screening may 

yield a large number of potentially interesting molecules with various structures. It may be 

difficult to decide which molecule to focus on for in depth characterization or in other words, 

which one will be the best choice and should give new and interesting output given that 

further work on it will be time consuming. The classical answer to this problem is to do a 

secondary screening, focusing on another aspect of the studied phenotype in order to refine 

which subset of the hit compounds may be the most interesting. But other approaches can be 

useful too. In addition to a large scale screening (with a large library of diverse compounds), 

the screening of a small, high-content, prescreened and annotated library of compounds can 

provide very useful information. Chemical genomics has relatively recently started to interest 
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plants biologist for basic research, but the literature already describes a large number of 

molecules for which the targets and pathways affected have been elucidated. Looking for the 

structure similarities with already characterized compounds represent another strategy that 

can help elucidate the pathway affected by a hit compounds.  

 

In order to get a better understanding of the mechanisms of cell adhesion and C/N balance 

perception in plants, we have carried out a chemical genomics suppressor screen for 

molecules that were able to restore quasimodo2 cell adhesion defect and quasimodo2 high 

sensitivity to sucrose in two independent screens. The high throughput screening led to the 

identification of 49 suppressor compounds. We then identified the putative function of a 

number of these compounds based the information inferred from molecules screened from a 

small annotated library of compounds, the similarity of structure with other characterized 

compounds and a well chosen high throughput secondary screening. Among other 

hypotheses, we then focused on the putative effect of auxin transport inhibition and PME 

activity inhibition and confirmed their implication in the restoration of cell adhesion and 

sensitivity to C/N imbalance in quasimodo2. We also tested the in vitro inhibitory effect of 

our hit compounds on purified PMEs, and have found that 17 of the 49 compounds were 

indeed direct inhibitors of PME activity in vitro and did induce an increase in methyl 

esterification of the cell wall in vivo.  

 

Results 
 

High throughput chemical genomic screening for restored cell adhesion and 

carbon/nitrogen imbalance sensitivity in the pectin deficient mutant quasimodo2 

 

We used the library of 17,500 diverse synthetic compounds from the chemical screening 

platform of the laboratory for chemical biology Umea (LCBU, Umea University, Sweden) as 

well as a small library of 360 compounds that were selected for their inhibitor effect on 

germination and growth of tobacco pollen (PMRA/PMRP) (Robert et al., 2008; Drakakaki et 

al., 2011).  

On a technical point of view, our aim was to carry out a very high throughput primary 

screening for molecules of interest and try to uncouple the two phenotypes that are the 

consequence of the quasimodo mutation. For this latter reason, we did two screens in parallel:  
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Figure 1: High throughput chemical genomic screening for the restoration of cell adhesion and sucrose 
sensitivity 
(A-D) Four days old dark grown hypocotyls of the qua2-1 mutants treated with DMSO for control (A) or with 
suppressor compounds (B-D). The seedlings were stained with ruthenium red to reveal the presence or 
restoration of the cell adhesion defect. A characteristic outward-curving of the epidermal cells can also be seen 
in the quasimodo mutant, which is characteristic of the cell adhesion defect when observed on the dark grown 
hypocotyl. This phenotype is restored by the suppressor compounds as well, showing actual restoration of cell 
adhesion and not simply the inhibition of the ruthenium red staining. (E-H) Twelve days old light grown 
seedlings of the qua2-1 mutant grown with 3% sucrose, treated with DMSO for control (E) or with suppressor 
chemicals (F-H). The mutant is very sensitive to C/N imbalance in the growth medium, accumulates anthocyanin 
(not to be confused with ruthenium red staining) and has no chlorophyll (E), while the suppressor compounds 
induce a suppression of these phenotypes (F-H). Note that compound 7528601 (D and H) has an effect on both 
phenotypes while the other four compounds taken as example here (B, C, F and G) were specific for either cell 
adhesion or sucrose sensitivity. The chemicals’ names correspond to their ChemBridge ID 
(http://www.hit2lead.com/) 
 

 

One was based on the restoration of cell adhesion and the second one on the restoration of 

sucrose sensitivity. 

In order to achieve a high throughput screening, the qua2-1 seeds were sown by pipetting 

from a liquid medium into 96-well plates with 5 to 10 seeds and 150µl of medium per well. 

The chemicals were then added to a final concentration of 34µM by an automated workstation 

A! B! C! D!

E! F! G! H!

7281856! 5100753! 7528601!DMSO!

7908690! 5707182! 7528601!DMSO!

Compound-induced (34μM) restoration of cell adhesion!

Compound-induced (34μM) restoration of sucrose sensitivity!

4d old dark-grown qua2-1 mutant hypocotyls, without sucrose, stained with ruthenium red!

12d old light-grown qua2-1 mutant seedlings, with 3% sucrose!
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(Biomek NX, BeckmanCoulter), and the plants were grown as described on figure 1 and in 

the “material and methods” section for each screening conditions. 

Efficient screening for the restoration of cell adhesion was done on dark grown hypocotyls 

stained with ruthenium red. The principle is that the cell separation creates ruptures in the 

continuity of the hydrophobic cuticle, which directly exposes the cell wall and allows the 

entry and binding of the ruthenium red, thus highlighting the cell adhesion defect. We 

screened for seedlings that didn’t stain red as opposed to the quasimodo mutant (figure 1 A-

D). In addition, a characteristic outward-curving of a number of the epidermal cells appears in 

the quasimodo mutants’ hypocotyl, due the cell adhesion defect and likely to the high 

expansion rate of the hypocotyl. These curved cells appear clearly at the surface of the cell 

adhesion defective mutant as can be seen on figure1 A and give an impression of a “hairy” 

and irregular hypocotyl. Restoration of this phenotype was also checked to ensure that the 

effect was specific to the restoration of cell adhesion and not only the inhibition of ruthenium 

red binding to the cell wall. The suppression of the C/N imbalance sensitivity of light grown 

qua2-1 seedlings was determined by the restoration of growth and greening of the mutant 

seedlings in a high sucrose (3%) medium (figure 1 E-H). The high C/N ratio in the growth 

medium leads to the accumulation of anthocyanins in the cotyledons, the loss of chlorophyll 

and the arrest of growth in the mutant. We thus screened for the suppression of the sensitivity 

to a high sucrose concentration but that should account for the restoration C/N imbalance 

sensitivity. 

 

This high throughput screening strategy allowed us to screen twice (once for each condition), 

the 17,500 LCBU compounds and the 360 PMRA/PMRP compounds. Hit compounds found 

in the initial screening were confirmed by retesting their effect with the same chemicals but 

from a copy of the library used for the initial screening, and those that were confirmed were 

finally re-confirmed by testing their effect from pure powder of the compound freshly 

solubilized in DMSO, to ensure that the effect is caused by the pure molecule and not another 

one, contaminating from an adjacent well in the screening plate, the mix of two or more 

molecules, or the degradation product of the original molecule. 

In the end 15 molecules were found in the screen for the suppression of quasimodo2 sucrose 

sensitivity, and 35 in the screen for the suppression of the cell adhesion defect. Only 1 

molecule was found in common in both screening conditions. In total 49 molecules were 

found as active for suppressing qua2 phenotype in one way or another. However, since for 

technical reasons the screening process was visual and did not include an objective and 
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quantitative phenotyping method, we placed the threshold for selection of hits very high and 

may have missed some less active suppressor compounds. Also some molecules found in one 

screening condition may have an effect on the phenotype of the other screening condition but 

may not have been found as a hit in this screen due to the high selective threshold. We thus 

re-tested all the compounds found in each screens for both phenotypes, with three biological 

replicates. We then determined whether the compounds had an effect specifically on cell 

adhesion, sucrose sensitivity, or both phenotypes. Interestingly 31 of the compounds only 

restored cell adhesion, 7 only restored sucrose sensitivity, and 11 restored both phenotype 

(table 1). However it is noteworthy that only 4 of these compounds that had an effect on both 

phenotypes, were very clear for both effect. The 7 other compounds usually had a strong 

effect for the phenotype that they were screened for and a mild effect on the other phenotype. 

This interestingly proves that both phenotypes can be uncoupled, and that thanks to this 

double screening approach we have found molecules that likely have an upstream effect 

(compound that alter both phenotypes), and some with a more downstream effect (compounds 

that affect specifically C/N imbalance sensitivity or cell adhesion) which will be very useful 

tools to molecularly dissect and understand the phenotype of the quasimodo mutants.  

 

Determining the putative bioactivity of the compounds based on available resources 

 

The screening yielded a large number of compounds, some that we could group based on their 

similar structure (Visually and using the “bining clustering” ChemMine Tool, 

http://chemmine.ucr.edu/, see figure 2, 5 and table 1 “Structural cluster”), and others with 

very diverse structures. However at this point it is extremely difficult to choose one 

compound and focus on it for further in-depth work. So our aim here was to determine 

whether some of the compounds that we had found as active, or close analogs of these 

compounds, had already been identified as active for another phenotype, and characterized for 

their target and the pathway they affect. The goal being to avoid working on the 

characterization of compounds that have already been characterized, and at the same time 

using this resource to quickly identify the protein target or pathway affected by some of the 

chemicals that we found and that are relevant to our biological question. We screened and 

found some active compounds from the PMRA/PMRP library. The great advantage of 

screening this library is that it has been secondarily screened and carefully annotated for 

various disruptions of the plasma membrane endocytic trafficking by looking at markers such 
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as BRI1:GFP, PIN1:GFP and PIN2:GFP (Drakakaki et al., 2011). Four hits were found from 

this library (5326482, 5673258, 6740368 and 5714035), among which three had an effect on 

trafficking (5326482, 5673258 and 5714035), and one did not (6740368), as reported in 

Drakakaki et al. (2011). 

- Interestingly compound 5714035 is very similar in structure with Endosidin7 (ES7; figure 

2), also originating from the PMRA/PMRP library, which was recently characterized as a 

callose synthase inhibitor (Park et al., 2014). Annotation for the disruptions of the plasma 

membrane endocytic trafficking indicates that, like ES7, compound 5714035 affects cell plate 

formation, which is characteristic of callose synthesis deficiency (Chen et al., 2009; Thiele et 

al., 2009). However, unlike ES7, compound 5714035 also affects BRI1, PIN1 and PIN2 

trafficking. Screening of the LCBU library also identified 3 very similar compounds 

(5466801, 5707182 and 5707415; figure 2). In our screen, these four compounds are active in 

restoring both cell adhesion and sucrose sensitivity. 

- Compound 5326482 has some similarities with ES3 (figure 2). In addition clustering based 

on the phenotypic annotations from Drakakaki et al (2011), groups it with the Endosidin-like 

compounds including ES3 and ES1. ES1 was shown to induce the accumulation of PIN2, 

AUX1 and BRI1 into endomembrane compartment called “endosidin-bodies” (Robert et al., 

2008). ES1 also represses brassinosteroid induced gene expression and induces a 

brassinosteroid insensitive1 (bri1) loss-of-function mutant phenotype. ES3 was shown to 

affect the localization to the plasma membrane of ROP6, a Rho-GTPase implicated in PIN1 

and PIN2 subcellular localization and polarity (Xu et al., 2010; Chen et al., 2012). Like ES1 

and ES3, compound 5326482 affects BRI1, PIN1 and PIN2 trafficking. Finally it is also quite 

similar with RAB2 effector1 (RAE1), a compound that affects RAB2 trafficking (Ung et al., 

2013). 

- Compound 5673258 however did not cluster into an already distinct class, but was annotated 

as affecting BRI1, PIN1 and PIN2 trafficking like the two other hit compounds (table 1). 

Although this “resource” secondary screening is focused mainly on BRI1 and PIN trafficking 

and does not interrogate many other potential bioactivities, these compounds (the 3 hit 

described above) do have an effect on the trafficking of PIN1, PIN2 and BRI1 that is not 

negligible and that could account for the restoration of quasimodo phenotype. BRI1 is the 

receptor of the brassinosteroid phytohormone and PIN1 and PIN2 are well characterized 

auxin efflux transporter. The fact that our hit compounds affect the trafficking of these 

proteins could indicate that a perturbation of the phytohormones homeostasis is the cause of 

the phenotype of quasomodo.  
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Figure 2: Structural comparison of known compounds with hit compounds suppressor of quasimodo 
Some of the hit compounds (suppressor of either cell adhesion or sucrose sensitivity qua2-1 phenotype; See 
table1 for the detailed effect of each molecules), are represented in the right column. Theses compound are 
represented here because they have interesting structural similarities with known compounds, and some have 
similar effects on endocytic trafficking (Drakakaki et al., 2011). The known compounds are represented in the 
left column next to the hit compounds with similarities. In bold is the typical description of the designated type 
of molecule, for known compounds (left column), and the description that we gave to these compounds for the 
hit compounds (right column). The structural clusters 1 and 2 were determined using the online ChemMineTool, 
but the clustering was only carried out on hit compounds. The sulfonamides 1 and 2 groups were determined 
visually. The chemicals’ names correspond to their ChemBridge ID (http://www.hit2lead.com/) 
 

 

We then took a look at the other hit compounds and their similarities in structure with known 

and characterized chemicals. Two of the hits (7517245 and 5320602) have interesting 

similarities with the synthetic auxin 2,4-Dichlorophenoxyacetic acid (2,4-D) (figure 2), one 

hit (7686747) looks similar to the auxin transport inhibitor (ATI) 1-N-Naphthylphthalamic 

acid (NPA), and two hits (6109844, 6132817) have similarities with endogenous flavonoid 

ATIs (figure 2). 

Another important class of hit compounds is the sulfonamides. Twelve out of the 49 hit 

compounds have a sulfonamide group, however, although structural subgroups can be made 

(sulfonamides 1 and 2; figure 2), the others have quite different overall structures. In addition, 

sulfonamide containing compounds have been shown to be implicated in diverse pathways 

such as folate biosynthesis (Yun et al., 2012), plant immune priming (Schreiber et al., 2008; 

Noutoshi et al., 2012a; 2012b), epigenetic silencing (Zhang et al., 2012) and abscisic acid 

(ABA) signaling (Park et al., 2009). Our hit compounds are structurally different from these 

known sulfonamide-containing molecules and seem to lack some of the structural 

requirements for the activities described (figure 2). 

 

Overall there is a lot of preliminary information that can inform on the potential bioactivity of 

the hit compounds. Clearly the similarities do not demonstrate that the hit compounds have 

similar activities nor that it is this activity that affects the phenotype of interest, but it provides 

highly interesting information to set up hypotheses and experiments. 

In this case, based on the annotations of the disruptions of the plasma membrane endocytic 

trafficking that shows perturbation of PIN1 and PIN2 trafficking, and the fact that a number 

of hit compounds have auxin-like or ATI-like structures, we speculate that auxin transport or 

signaling is implicated in the phenotype of the quasimodo mutants. 
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Inhibition of auxin transport prevents cell separation in quasimodo 

 

Auxin-related chemical biology is probably by far the best described and most studied field of 

chemical genetics in plants (De Rybel et al., 2009; Ma and Robert, 2014) with a large number 

of thoroughly described and characterized related compounds.  

We thus tested the effect of the well characterized auxins Indole-3-acetic acid (IAA), 1-

naphthaleneacetic acid (NAA) and 2,4-Dichlorophenoxyacetic acid (2,4 D) at a 0.5, 1 and 

10µM concentration, and the ATI 1-N-Naphthylphthalamic acid (NPA) at a 1, 10 and 100 µM 

concentration. While the different auxins induced a clear inhibition of the hypocotyl 

elongation at these concentrations, it did not restore the cell adhesion defect of qua2-1, as 

revealed by the ruthenium red staining (Figure 3 (A-D); data not shown for NAA and 2,4-D 

but similar to IAA). NPA however was clearly able to restore cell adhesion on the dark grown 

hypocotyl, in a dose-effect manner, leaving only small patches of cell separation at 100µM 

(figure 3 E-H). This nicely shows that auxin transport is implicated in the phenotype of the 

quasimodo mutants, since inhibition of auxin transport is sufficient to prevent or limit cell 

separation.  

 

High throughput secondary screening for cell wall structure modifications 

 

To answer the problem of the large number of hit compounds found and the difficulty to focus 

on one of them, we decided to carry out a secondary screening looking for compounds that 

specifically induce changes in the cell wall structure and composition. quasimodo mutants are 

affected in HG synthesis, and it is likely that some of the suppressor hit compounds induce 

modifications of the cell wall upon treatment that lead to the suppression of the cell adhesion 

defect. We used the high throughput Fourier Transformed InfraRed spectroscopy (FTIR) 

fingerprinting technique on dark grown hypocotyl of qua2-1 treated with DMSO or the 

suppressor compounds, to determine whether the hit compounds found in the screen could 

induce cell wall modifications or not. One striking observation that can be made when 

comparing the DMSO-treated (control) qua2-1 FTIR spectra with some of the chemically 

suppressed ones is that some of these show a clear increase of the peak intensity at 1740 cm-1 

(figure 4 A and B). Interestingly the 1740 cm-1 peak is known to correspond to the 

vibrational stretching frequency of methyl esterified carboxylic acid, and an increase of this 

peak intensity should reveal an increase in HG methyl esterification. As described in  
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Figure 3: Inhibition of auxin transport can prevent cell separation in quasimodo 
(A-H) Four days old dark grown hypocotyls of the qua2-1 mutants treated with DMSO for control (A and E), 
with the auxin IAA at increasing concentrations (B-D), or with the auxin transport inhibitor NPA at increasing 
concentrations (F-H). The seedlings were stained with ruthenium red to reveal the presence or restoration of the 
cell adhesion defect. Auxin treatment induces an inhibition of growth but does not prevent ruthenium red 
staining. In contrast the inhibition of auxin transport by NPA only slightly reduces growth while it clearly limits 
ruthenium red staining in a dose-response manner. The characteristic outward-curving of the epidermal cells of 
the quasimodo mutant dark grown hypocotyl is also restored by increasing concentrations of NPA, showing a 
clear effect of NPA on the restoration of the quasimodo mutant’s cell adhesion defect. 
 

 

(Manrique and Lajolo, 2002) we evaluated the relative degree of methyl esterification of the 

HG in the qua2-1 mutant treated with the suppressor compounds or with DMSO for control. 

This measure is based on the value of the ratio between the peak intensity at the 1630 cm-1 

band, assigned to the stretching frequency for the carbonyl group of galacturonic acid, and the 

peak intensity at the 1745 cm-1 band, assigned to the methyl ester groups (ME ratio = 

Abs1740cm-1/(Abs1470cm-1 + Abs1630cm-1)). This ratio is in theory linearly proportional 

to the actual degree of methyl esterification of the HG (Manrique et al., 2002). T-test on these 

ratio comparing the compound-treated samples with the DMSO-treated samples were use to 

determine whether some of the chemical significantly induced an increase in the methyl 

A! B! C! D!

E! F! G! H!

0.5μM! 1μM! 10μM!DMSO!

IAA treatment!

1μM! 10μM ! 100μM!DMSO!

NPA treatment!

4d old dark-grown qua2-1 mutant hypocotyls, without sucrose, stained with ruthenium red!

4d old dark-grown qua2-1 mutant hypocotyls, without sucrose, stained with ruthenium red!
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Figure 4: Increase in HG methyl esterification and inhibition of PME activity can suppress the phenotypes 
of quasimodo 
(A and B) Examples of FTIR spectra of qua2-1 mutant dark grown hypocotyls either treated with a suppressor 
compound or DMSO for control: red spectra for compound 5230230 (A), green spectra for compound 6485295 
(B), and in both case for comparison, blue spectra for DMSO control (A and B). In (B) control and treated 
spectra completely overlap indicating no detectable modification in cell wall structure and composition, while in 
(A), the treated sample shows a clear higher intensity peak at 1740 cm-1. This peak being assigned to the methyl 
esterified carboxylic acid vibrational stretching frequency, its increase reveals an increase in methyl 
esterification of HG. (C) Relative methyl esterification ratio of the compound and DMSO treated qua2-1 dark-
grown hypocotyls, based on FTIR spectra. The ratio is calculated from the peak intensity of the 1740 cm-1 band 
(A1740) assigned to the methyl esterified carboxylic acid, and the peak intensity of the 1630 cm-1 band (A1630) 
assigned to the carbonyl group of galacturonic acid. This ratio is in theory linearly proportional to the actual 
degree of methyl esterification of the HG (Manrique et al., 2002). Averages and standard deviations result from 
calculations on about 20 spectra of 20 individual hypocotyl from four biological replicates. T-test were then used 
to determine similarity or not of the compound-treated samples with the DMSO-treated. Samples with “no 
effect” have no change in methyl esterification (p-value > 0.05). “Variable effect” samples had large variations 
in the ratio value within the different replicate spectra used for calculation but were significantly different from 
the DMSO-treated (0.05 < p-value < 0.0005). The other samples have a largely significant higher degree of 
methyl esterification of the HG (p-value < 0.00005) than the DMSO-treated and have relatively narrow 
variations. (D and E) Compound that were found as in vitro inhibitors of either PME3 (D) or PME31 (E) and the 
intensity of their inhibitory effect in our assay conditions. All treatments (A-C) and in vitro inhibition assay (D 
and E) were done at a final concentration of 34uM of the compound. In (C-E), red bar is for the 5230230 treated 
sample, green for the 6485295 treated sample and blue is for the DMSO-treated sample, corresponding to the 
example spectra in (A and B). 
 

 

esterification ratio (figure 4 C). Twenty-six of the compounds clearly increased the degree of 

methyl esterification of the HG (p-value < 0.00005), while 5 had a more variable effect 

(larger standard deviation, and lower significance, 0.05< p-value < 0.0005). Among the 

remaining compounds, 19 had no effect on the methyl esterification, one showed a slight 

decrease in esterification, and 3 have not been measured yet.  

The observation that more than half of the suppressor compounds increase the methyl 

esterification of HG provides a very good evidence that modulating the degree of methyl 

esterification of HG is a key mechanism in controlling cell adhesion and C/N balance 

perception and that increasing methyl esterification of HG can suppress the phenotype of 

quasimodo.  

 

Direct inhibition of pectin methyl esterase activity can suppress the phenotype of 

quasimodo 

 

FTIR analyses revealed that a number of our hit compounds induced an increase in the degree 

of methyl esterification of the HG. This could be the consequence of the direct inhibition of 

PME activity by the compounds. To determine if and which of our compounds have a direct 

effect on PME activity, we tested their inhibitory effect in vitro on two different purified PME



	   119	  

 
 
Figure 5: List of PME inhibitor hit compounds 
All of these hit compounds were found as suppressors of qua2 and are both in vitro inhibitors of PME3 and/or 
PME31, and induce in vivo an increase of the degree of methyl esterification of HG compared to the DMSO-
treated qua2. Except for 5714035 for which the in vivo activity was not tested and 5466801 for which in vitro 
inhibition of PME3 was not tested. The percentage below the PME names indicates the percentage of inhibition 
in vitro in our assay conditions. Green outline of the PME names indicates that the molecule is inhibitor of the 
PME, black edge indicate complete inhibition, while gray outline indicates no inhibitory effect. 
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 isoforms: PME3 and PME31.  Interestingly PME3 is an isoform that can be inhibited by 

endogenous proteinaceous PMEI (Sénéchal et al., unpublished), while PME31 is not 

(Dedeurwaerder et al., 2009). Our results show that 21 out of our 49 compounds actually have 

a direct inhibitory effect on these PME isoforms (figure 4 D and E and table 1). Twelve of the 

compounds affect the activity of both PME, 8 are specific to PME3 and 1 is specific to 

PME31. In general PME31 is only partially inhibited (most induce less than 50% inhibition; 

figure 4 E and table 1), while PME3 is mostly completely inhibited (figure 4 D and table 1). 

Except for two of the compounds (and two other compounds with no FTIR measurements), 

the in vitro inhibitory effect measured here is correlated with an increased degree of methyl 

esterification of the HG in vivo as measured by FTIR (Table 1). It results that 17 of our 

compounds have a direct in vitro inhibitory effect on PME, and upon treatment are able to 

induce an increase of the degree of methyl esterification in vivo, which makes them bona fide 

PME inhibitors (figure 5 and table 1). 

Nine of these PME inhibitor compounds restore specifically the cell adhesion defect, 4 

specifically the sucrose sensitivity and 4 both phenotype (table 1). These compounds that can 

be considered true PME inhibitors, represent quite a substantial fraction of the qua2 

suppressor.  They are also quite diverse in structure, but all have in common the PME 

inhibitor effect that likely excludes the hypothesis that it is the disruption of another target 

than the PMEs that is responsible for the restoration of the phenotype in these cases. Also the 

fact that we tested two different PME isoforms and that some of the compounds are specific 

to one isoform or another demonstrates that, at least for these compounds the inhibitory effect 

happen via a direct targeting of the PME protein and is not an indirect consequence such as a 

perturbation of the HG substrate. This provides a confirmation that it is the inhibition of PME 

activity and the increase in the degree of methyl esterification that is responsible for the 

suppression of the qua2 phenotypes.  
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Discussion 
 

Our objective in this work was to develop a very high throughput approach to identify a 

number of interesting compounds relevant to the study of our biological question. We also 

wanted to demonstrate that the study of these compounds could quickly yield very interesting 

insights on this biological question, both by exploiting already available data on the 

chemicals, and by performing a well-chosen secondary screening.  

Finally, this chemical genomic screen aimed at providing a complementary approach to 

classical genetic by providing very useful tools as well as the possibility to circumvent 

lethality and redundancy that can be limiting for gene discovery in classical genetic 

approaches. 

 

High throughput screening and putative activity searching 

 

The screening process was fast and yielded a large number of compounds of interest. The two 

screenings in parallel allowed us to separate the cell adhesion defect of quasimodo from its 

sensitivity to C/N imbalance. Interestingly the fact that these phenotypes can be uncoupled 

and that we have compounds specific for each or both phenotype will be very helpful in future 

work in order to dissect in more details the pathways affected in the mutant (figure 6) and to 

get a better understanding of the cell adhesion mechanisms and C/N balance perception in 

general. 

Some of the compounds were also screened from a high-content, prescreened, and annotated 

library of compounds (Drakakaki et al., 2011). This represents a great advantage as it directly 

provides a good source of information on the bioactivity of the hit compounds and can help 

set up hypotheses and experiments.  

We found that one of our hit compounds from this library was very similar in structure and in 

annotations (from Drakakaki et al., 2011) with ES7, another compound of this library which 

was recently shown to be a direct inhibitor of callose synthesis (park et al., 2014). Although 

we didn’t follow further on this hypothesis here, callose synthesis defect could actually play a 

role in cell adhesion since correct callose deposition is important during cell plate formation, 

when cell adhesion is set up. This compounds was also annotated as affecting the normal 

trafficking of PIN1, PIN2 and BRI1, while ES7 did not, but it will be interesting to test 

whether the specific callose synthase inhibitor ES7 can actually restore the phenotype of 
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quasimodo. This could quickly indicate us whether or not the inhibition of callose synthesis 

plays a role here and could lead to other experiments to further demonstrate and try to 

understand what role it plays. 

We went in a different direction since three of our hit compounds were affecting the normal 

trafficking of PIN1, PIN2 and BRI1, which seemed to indicate that a perturbation of the 

normal signaling or transport of hormones could be implicated in the restoration of the 

phenotype of quasimodo. The additional observation that some of our compounds had striking 

similarities with the synthetic auxin 2,4-D and with ATIs led us to think that auxin signalling 

or transport was certainly implicated. The experiment revealed that inhibition of auxin 

transport by NPA could indeed suppress the cell adhesion defect of quasimodo. NPA has been 

shown to affect PIN trafficking at high concentrations (Geldner et al., 2001), but more 

importantly to prevent the association of the ABCB / P-GLYCOPROTEIN / MULTIDRUG 

RESISTANCE (ABCB/PGP/MDR) auxin efflux carrier with it’s activating partner 

TWISTED DWARF1 (TWD) (Bailly et al., 2008). But it is not negligible that NPA could 

have another activity on a different target that would be the cause of restoration of the cell 

adhesion defect.  

To answer this concern it will be interesting to make use of the large number of the well 

characterized synthetic auxins and ATI compounds (Ma and Robert, 2014). The compound 

BUM (Kim et al., 2010) was shown to be highly specific for the dissociation of the 

ABCB/PGP/MDR-TWD complex and to block auxin efflux at a much lower concentration 

than NPA. On the other hand, TIBA (2,3,5-Triiodobenzoic acid) was shown to block auxin 

transport by affecting the actin mediated trafficking and polar localization of auxin 

transporters (Geldner et al., 2001; Dhonukshe et al., 2008). The effect of these two 

compounds with different protein targets, but both blocking auxin efflux, should help us 

determine if it is actually auxin transport inhibition, and not another activity, that restores the 

cell adhesion defect of the quasimodo mutants. It will also be interesting to test the effect of 

auxin biosynthesis inhibitors (L-Kynurenine and/or Naxillin), auxin influx inhibitors (2-

NOA), and anti auxin compounds (Auxinole) on the phenotype of quasimodo to determine 

which aspect of auxin transport or maybe signaling is implicated in the cell adhesion defect of 

quasimodo. We should also screen among our 49 compounds, which of them have such an 

ATI activity, and for which it could be accounted that their suppressor effect is due to their 

ATI activity. Secondary screening for such compounds could be done by looking for 

compounds that inhibit the gravitropic response of the seedling since both phenomena are 

tightly linked (Rojas-Pierce et al., 2007; Ueda et al., 2014). By putting aside these ATI
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Figure 6: Workflow of the high throughput chemical genomics screening and efficient identification of the 
implication of auxin transport and pectin methyl esterification in cell adhesion. 
This scheme summarizes the work reported in this article. The text written in orange reports to work to be done. 
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 compounds, it will provide with us a shorter list of uncharacterized compounds to focus on 

for future work. 

In a parallel approach using FTIR fingerprinting of the cell wall structure and composition, 

we were able to identify a group of compounds that induce an increase in the degree of 

methyl esterification of HG in quasimodo. Screening of our compounds for the in vitro 

inhibition of two PME isoforms revealed that 17 of our compounds were actual PME 

inhibitors (figure 5). It will be interesting to additionally confirm the effect of PME inhibition 

with other characterized compounds such as the well described direct inhibitor of PME, 

epigallocatechin gallate (EGCG) (Lewis et al., 2008) as well as the probably more indirect 

inhibitor, cobtorin (Yoneda et al., 2010). However our data already provide a good proof that 

an increased degree of methyl esterification mediated by a direct inhibition of the PME 

activity can restore the phenotype of quasimodo. 

Two of our compounds have an in vitro inhibitory effect on PME but surprisingly do not 

induce an in vivo increased in methyl esterification. One hypothesis to explain this 

phenomenon is that PME3 and PME31 that are produced and purified from E.coli for the in 

vitro assay could be slightly different (e.g. post-translational modifications) from the plant 

endogenous PME3 and PME31. The compound could thus be active on the bacteria-produced 

PME, and not the plant-produced PME, and have different activity in vivo for the suppression 

of quasimodo. Another hypothesis is that the chemicals could actually be modified by the 

plant when taken up, as has been described for some compounds with the process of 

glycoactivation (Zhao et al., 2007). In our case such a modification would prevent the PME 

inhibitor effect of the compound while giving it a different activity. PGs are active on a 

relatively similar substrate as PME. In the hypothesis that the inhibitor blocks the substrate 

recognition site it could also be an inhibitor of the PG and become specific of the PG upon in 

vivo modification for example. 

The spectrum of protein affected by these compounds could be wide since different types of 

HG modifying enzymes exist and they are all part of large gene families (senechal et al., 

2014). Interestingly one of our PME inhibitor compound (6740368; figure 5) contains an 

alkyne group. Using “Click chemistry” (Kaschani et al., 2009) to couple this compound to a 

Biotin Azide and performing an affinity purification of the associated proteins could allow us 

to identify the spectrum of protein targets of this inhibitor. 

Finally it remains some compounds that have an in vivo effect on methyl esterification of HG 

but not a direct effect on PME. This is much less surprising and could indicate that these 
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compounds affect other PMEs than PME3 and PME 31, or that they are upstream regulators 

of PME and PMEI gene expression or activity.  

The chemical genomics approach allowed us to identify the role of PME that are usually not 

isolated by genetic approaches due to the large size of the gene family and their high 

redundancy (sénéchal et al., 2014).  

It remains a shorter list of uncharacterized hit compounds that will be the focus of future 

work. 

 

The role of auxin transport and pectin methyl esterification in cell adhesion and 

carbon/nitrogen balance perception 

 

Our strategy allowed us to quickly demonstrate that the inhibition of auxin transport as well 

as the inhibition of PME activity were sufficient to suppress the phenotype of quasimodo. 

Then what could be the implication of these two processes in the suppression of the 

phenotype of quasimodo and what insight does it give on the mechanisms of cell adhesion 

and C/N balance perception? 

 

Auxin and auxin transport are well known players implicated in the events of cell separation. 

Auxin acts antagonistically to ethylene in the induction of a signaling cascade leading to cell 

separation. In the case of floral organ abscission, auxin treatment tends to delay the process. 

In the root however, auxin has been shown to trigger the induction of a small peptide called 

INFLORESCENCE DEFICENT IN ABSCISSION (IDA), which is the initiator signal for the 

induction of cell separation (Kumpf et al., 2013). This peptide is perceived by a pair of 

homologous leucine-rich repeat receptor-like kinase (LRR-RLK) HAESA (HAE) and 

HAESA-LIKE2 (HSL2), that trigger a MAP kinase signaling cascade upon binding (Cho et 

al., 2008; Shi et al., 2011. This signaling activates the expression of cell wall remodeling and 

degrading enzymes such as xyloglucan endotransglucosylase/hydrolases (XTHs), expansins 

(EXPs), PMEs and PGs (cai and lashbrook, 2008) finally leading to cell separation (Aalen et 

al., 2013). Independently from IDA, auxin is able to induce a loosening of the cell wall by 

acting both on the expression of cell wall remodeling enzymes and the pH of the apoplasm 

(Rayle and Cleland, 1992). Auxin can induce the acidification of the cell wall by promoting 

the efflux of protons, and in these conditions the auxin induced PMEs tend to process de-

methyl esterification in a more random manner, forming an HG substrate more suitable for 
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the degradation by PGs (Raiola et al., 2004; Sénéchal et al., 2014). This process along with 

the action of EXPs, leads to the loosening of the cell wall and a rapid growth (Rayle and 

cleland, 1992). The phenotype of quasimodo and the fact that it is suppressed by the 

inhibition of auxin transport could be linked with one of these processes. The implication of 

the IDA triggered cell separation pathway here is questionable since to be activated it needs 

the HAE and HLS2 LRR-RLK to be expressed. However these are usually only transiently 

and very locally expressed, and do not seem to be inducible by auxin. The hypothesis of a 

somewhat “uncontrolled” acid growth leading to cell separation, could actually make sense in 

the context of a pectin deficient mutant (figure 7). It will be interesting to test whether 

preventing the acidification of the apoplasm could also restore cell adhesion, or if the IDA 

triggered cell separation pathway is implicated in the process. 

In this context, the finding that the inhibition of PME activity can restore the cell adhesion 

defect is much more intuitive. It is consistent with the precedent finding of the implication of 

auxin transport and potentially auxin induction of PMEs and PGs expression. It is also 

interesting that in friable1, another mutant defective in cell adhesion, it was pointed out that 

an increased level of PME activity and a decreased level of methyl esterification of HG were 

the most likely explanations for the loss of cell adhesion (Neumetzler et al., 2012).  

Upon treatment with a PME inhibitor compound, the higher level of esterification could 

prevent the degradation of the HG by polygalacturonases, and thus prevent cell separation 

(figure 7). This scenario is reminiscent of what is observed in the quartet mutants (Rhee et al., 

2003; Francis et al., 2006; Ogawa et al., 2009). It will be interesting to test whether there is 

actually an increase in the expression of PME and PGs in quasimodo and whether this 

induction can be prevented by a treatment with an auxin transport inhibitors. This should tell 

us if auxin, PME and PG act sequentially in the induction of cell separation in quasimodo. 

It is surprising however that some of the PME inhibitors can specifically suppress the sucrose 

sensitivity of quasimodo and not its cell adhesion defect. The question of the C/N imbalance 

sensitivity in quasimodo is still very puzzling to us. By adopting a double screening approach 

in this work we were able to find some compounds specific to the restoration of sucrose 

sensitivity but also some compounds specific to the restoration of cell adhesion and not 

sucrose sensitivity, indicating that this sensitivity to C/N imbalance is probably not simply the 

consequence of the cell adhesion defect. This set of chemical will be very useful to study 

further the question of the cell adhesion defect and C/N imbalance sensitivity in this mutant to 

get a better understanding of these phenomenon in general. 
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Figure 7: Model of auxin and PME mediated cell separation in the pectin deficient mutants quasimodo 
Schematic representation of our hypothesis concerning the phenomenon leading to the loss of cell adhesion in 
quasimodo. Auxin is synthesised at the apex of the plant and is transported to the rest of the plant thanks to the 
basipetal transport of auxin mediated by polar auxin transporters. When entering a cell, auxin can trigger the 
expression of cell wall remodeling (CWR) enzymes. In addition it can activate the efflux of proton into the 
apoplast. In acidic conditions, PMEs act in a more random manner and produce HG substrate suitable for 
degradation by PGs. In wild type plant, that process is known to leads to cell wall loosening and growth. 
However in the context of the pectin deficient mutant quasimodo, it may lead to cell separation. Thus inhibiting 
or limiting the transport of auxin may prevent the induction of CWR enzymes and further degradation of the cell 
wall leading to cell separation. Similarly, inhibiting the de-methyl esterification of HG should prevent its 
degradation by PGs leading to cell separation. These events may thus represent an upstream and a downstream 
step in the process leading to the loss of cell adhesion in quasimodo. 
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ChemBridge 
ID 

Sup. of cell 
adh. 

Sup of suc. 
Sens. 

HG ME 
ratio 

Inhib. 
PME3 

Inhib. 
PME31 cluster annotation 

7908690 no yes yes*** 100.00% 25.27% 
 

Sulfonamide 
5564385 yes no yes*** 100.00% 29.6% 5 

 7924741 no yes yes*** 100.00% 31.59% 
  6740368 yes yes yes*** 100.00% 32.42% 4 

 5230230 yes no yes*** 100.00% 40.79% 
  5673258 yes no N/A 100.00% 60.65% 
  5707415 yes (mild) yes yes*** 100.00% no 1 ES7-like 

7038326 yes no yes*** 100.00% no 4 
 7528601 yes yes yes*** 100.00% no 

 
Sulfonamide 

7686747 yes (mild) no no 100.00% no 
 

ATI-like 
9008914 no yes no 100.00% no 

 
Sulfonamide 

5552687 yes no yes*** 40.48% 38.27% 
  5766710 no yes yes*** 47.62% no 
  5714035 yes yes N/A 52.38% 81.41% 1 ES7-like 

7949973 no yes yes*** 54.76% 49.28% 5 Sulfonamide 
5707182 yes (mild) yes yes*** 70.24% no 1 ES7-like 

5326482 yes no yes*** 79.76% no 
 

Endosidin-
like 

7148250 yes no yes*** 90.48% 100.00% 
  6109844 yes no yes*** 92.86% 55.6% 
 

ATI-like 
5609007 yes no yes*** 99.92% 43.14% 

  5884953 yes no yes*** no 44.95% 
  

7973239 yes (mild) yes yes*** no no 2 
Sulfonamide 
1 

6411781 yes yes (mild) yes*** N/A no 2 
Sulfonamide 
1 

7961822 yes (mild) yes (mild) yes*** N/A no 2 
Sulfonamide 
1 

7964666 yes yes yes*** no no 
 

Sulfonamide 
5657593 yes no yes*** no no 

  6981662 yes no yes*** no no 
  7681358 yes yes (mild) yes*** N/A no 
  6633126 yes no yes*** no no 
  9003161 yes no yes*** no no 
  

5935594 yes no no** N/A no 2 
Sulfonamide 
2 

5429219 yes no no** no no 
  5466801 yes (mild) yes no* N/A no 1 ES7-like 

6315729 yes (mild) no no* N/A no 
  7659588 yes no no* no no 
 

Sulfonamide 
9054584 yes no no no no 3 

 7281856 yes (mild) no no no no 3 
 7604548 yes (mild) no no no no 

  7729796 yes no no no no 
  6485295 yes no no N/A no 
  7517245 yes no no no no 
 

2,4-D-like 
7914287 yes no no no no 

  6132817 yes no no N/A no 
 

ATI-like 
5100753 yes (mild) no no no no 

  5320602 yes no no no no 
 

2,4-D-like 
7991738 yes no no no no 

  5255825 no yes no no no 
  9004186 no yes no no no 
 

Sulfonamide 

7587515 yes no N/A no no 2 
Sulfonamide 
2 

 
Table1: List of hit compounds and annotations 
This table gather all the compounds identified as suppressor of esmeralda in this work and the phenotypic and 
structural annotations associated with each of them.  
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Materials and methods 
 

Plant material and growth conditions 

 

Arabidopsis thaliana qua2-1 seedlings (Mouille et al., 2007) were grown at 20°C on liquid 

custom made Duchefa (www.duchefa-biochemie.com/) medium with 0% or 3% sucrose 

concentration depending on the experiment. Seeds were surface sterilized. For sowing, qua2-1 

seed were continuously homogenized in liquid culture medium in order to allow pipetting of 

150µl medium containing 5 to 10 seed per tips with a multi channel pipette. Sowing of the 

seed and growth of the seedling was done in 96 round-bottom-wells plates. The addition of 

the chemicals was performed by an automated workstation (Biomek NX, BeckmanCoulter) 

for the screening of the 17,500 compounds LCBU library, and by manual pipetting for the rest 

of the experiments. The various compounds added to the medium in the different experiments 

were added at the concentration stated for each case. The volume of DMSO or DMSO diluted 

chemicals however, was of 1µl for 150µl of growth medium, meaning that adequate dilution 

in DMSO were done prior to the addition to the medium. Seed were then cold-treated for 48h 

to synchronize germination, and grown in a 16h light / 8h dark cycle. For dark growth 

conditions, seeds were exposed to light for 4h to induce germination, after which plates were 

wrapped in three layers of aluminum foil. Seedling age was counted starting from the light 

exposure. 

 

Primary chemical genomics screening 

 

The largest part of the screening was done on the 17,500 diverse synthetic compounds plus 

DMSO controls from the chemical screening platform of the laboratory for chemical biology 

Umea (LCBU, Umea University, Sweden, 

http://www.chemistry.umu.se/english/research/facilities/lcbu/screening-platform/) distributed 

on 220 96-well plates. The LCBU library is composed of synthetic compounds purchased 

from ChemBridge (http://www.chembridge.com/) and assembled to contain the most diverse 

and drug-like compounds possible. Along with this library, the small library of 360 

compounds that were selected for their inhibitor effect of germination and growth of tobacco 

pollen (PMRA/PMRP, Robert et al., 2008, Drakakaki et al., 2011) were tested for both 

suppression of the cell adhesion defect on dark grown hypocotyls in a liquid medium with 0% 
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sucrose and suppression of the sucrose sensitivity in light grown seedlings in a liquid medium 

with 3% sucrose. The compounds were diluted in DMSO at a concentration 5mM. For 

screening, 1uL of compound was added to the 150µl medium, leading to a final concentration 

of 34µM. 

For cell adhesion defect suppression, after 4 days in the dark, the liquid medium was removed 

and replaced by 150µl ruthenium red at a 0,05% concentration. Submersion of each hypocotyl 

was check to prevent false negative of non-staining hypocotyls. After about 30s the RR was 

removed and the hypocotyls washed twice with water. Hypocotyls were then visually 

screened for absence or largely reduced red coloration. 

For the suppression of sucrose sensitivity, after 12 days, light grown seedlings were visually 

screened for greening and absence of anthocyanin accumulation. 

The 214 initial hits in total were then retested using a copy of the screening library. The 83 

retested molecules were finally confirmed by using fresh dilution in DMSO of the pure 

powder of the compound and by confirming their effect on three independent biological 

replicates. 

 

Structural analysis of the compounds 

 

Binning clusters grouping compounds with similar structures were obtained from the online 

ChemMineTool (http://chemmine.ucr.edu/). The similarity cutoff of the binning clustering 

was set to 0.4. 

 

Auxin and auxin transport inhibitor treatments 

 

Seedlings were grown in the same condition as for the screening for suppression of the cell 

adhesion defect. Seedlings were treated with Indole-3-acetic acid (IAA), 1-Naphthaleneacetic 

acid (NAA) and 2,4-Dichlorophenoxyacetic acid (2,4 D) at a 0.5, 1 and 10µM concentration, 

and N-1-Naphthylphthalamic acid (NPA) at a 1, 10 and 100 µM concentration. 

 

FT-IR analysis 

 

The liquid growth medium of 4d old, DMSO and compound-treated, dark-grown hypocotyls, 

was removed and replaced by 100% ethanol. Hypocotyls were kept in ethanol at 4°c for 24h. 

They were then rehydrated in water for 2h and carefully placed on gold coated glass slides. 
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The samples were then dried on the slides at 37°C for 20 min. For each DMSO or compound-

treated condition, 1 spectra per hypocotyl was collected from 20 individual hypocotyls, from 

four independent cultures (five seedlings from each culture), as described by (Mouille et al., 

2003). An area of 30 µm x 30 µm was selected for FT-IR microspectroscopy, using a 

Thermo-Nicolet Nexus iN 10 MX spectrometer equipped with a continuum microscope 

accessory (Thermo Scientific). Normalization of the data and the discriminant variable 

selection method were performed as described by Mouille et al. (2003) 

 

PMEI inhibition assay 

 

The inhibition assay was carried out on recombinant PME3 and PME31 proteins produced in 

E.coli. The PME activity was assayed using the alcohol oxidase coupled assay (Klavons and 

Bennett, 1986) in the presence or absence of the small molecules at 34 µM . The data are the 

means of two replicates. 
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General discussion 
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The power and the complementarity of the forward genetic and the chemical genomics  
 

The goal of the work presented in this thesis was to get a better understanding of the 

mechanisms that control cell adhesion in plants. In order to achieve this goal we chose to base 

our strategy on two no a priori approaches to identify the molecular players that are involved 

in this process. We used a combination of a forward genetic screen and a chemical genomic 

screen. The true power of these two approaches is their exploratory nature and the fact that 

they are based on no a priori on the pathway that may be involved in the process (Vidaurre 

and Bonetta, 2012). The classical forward genetic screens on Arabidopsis thaliana have been 

used for decades now and have been proven powerful to isolate uncharacterized genes and 

identify their function based on the process that they affect or phenotype that their disruption 

induces. EMS mutagenesis combined with a well-designed phenotypic screen usually allows 

the identification of the main genes implicated in a given process. More recently the 

“suppressor approach” has started to be widely used for further dissecting given pathways, 

and have uncovered even more genes and functions. In the last few years the advent of the 

Next Generation Sequencing (Ossowski et al., 2008) and Next Generation Mapping 

(Schneeberger et al., 2009, James et al., 2013) have largely accelerated the identification of 

the causal mutations needed after a genetic screen. Finally one of the advantages of these 

forward genetic approaches is that they generate mutants that affect genes that usually have 

major functions. Crosses between these types of mutants for the creation of double, triple, or 

more… mutants and the study of the genetic interactions provide invaluable information on 

the pathways that they affect or the interaction with other processes. 

However one of the major disadvantages of the forward genetic screens in the discovery of 

new genes is that it is usually limited to the identification of non redundant genes and often 

non lethal mutations. In this regard, chemical genomics provides a way to circumvent these 

limitations (Robert et al., 2009; Toth et al., 2010; Hicks et al., 2012, and as described in 

chapter III). The disruption of the function of proteins by small molecules provides the 

advantages that it could affect all or part of a redundant family of proteins, their effect is dose 

dependent and inducible or reversible at any time. In addition to providing a complementary 

approach to the genetic screening by affecting different types of genes, it provides very useful 

tools for the study of a given pathway. Indeed the study of their effect and the interaction with 

other pathway is much more direct than when studying mutants since it doesn’t require 

crosses and the time consuming wait for the second generation and selection of double 

mutants. One difficulty however may be the identification of the protein (or proteins) target. 
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Given that the target can be a unique gene product, one of the approaches that has proven 

useful is the screening for mutants insensitive to the effect of the molecule. The high 

throughput screening of insensitive mutants combined with NGS can relatively quickly lead 

to the identification of the target. It is not always the case and many other strategies exist 

(Dejonghe et al., 2014) but can often be more complicated to set up for the regular plant 

biologist and can require the help of chemists. However as exemplified in Chapter III of this 

thesis there are ways to quickly and efficiently identify the target when these are already 

described. Although this latter approach does not lead to the identification of new 

uncharacterized genes, it leads a better understanding of the pathway by incorporating already 

described and characterized components. 

Ultimately the combination of forward genetic and chemical genomics supported by NGS 

provides a very powerful strategy in order to identify new uncharacterized gene, study their 

function and thus genetically dissect a given pathway. 

 

The work presented in this thesis exemplifies the use of the combination of these two 

approaches. We have carried out a genetic suppressor screen and a chemical genomic 

suppressor screen of the cell adhesion defective mutants quasimodo, and have isolated a 

number of suppressor mutants and molecules implicated in cell adhesion and sucrose 

sensitivity.  

The genetic screen led to the identification and study of a suppressor affected in ESMD1, an 

uncharacterized putative O-fucosyltransferase. The genetic study of cell adhesion including 

the other putative O-fucosyltransferase FRB1 showed that the disruption of ESMD1 was able 

to suppress the cell adhesion defect of qua1, qua2 and frb1, making it a major player of the 

pathway. Although we have not yet fully unravel it’s role, future work on this gene will surely 

prove highly significant for the understanding of cell adhesion in plants.  

The chemical genomic screen has revealed the implication of auxin transport and pectin 

methyl esterase activity in the process of cell adhesion.  

Although in a way we have just started to identify and study some of the molecular players 

that we isolated, these are already changing our view and our understanding to the 

mechanisms of cell adhesion in plants. 
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The potential role of O-fucosylation in cell adhesion 
 

Despite many efforts, we have not been able to clearly identify the function of ESMD1 and 

FRB1. However based on their putative function we have speculated that they should be O-

fucosyltransferases of the WAKs’ EGF-like domains. In addition to the predictions from the 

putative function of these O-fucosyltransferases, the WAKs themselves are particularly suited 

candidates in our case due to their pectin binding and signaling function. The function that 

such a glycosylation may have on the WAKs would also makes sense, but necessitate some 

explanation. 

To understand how the O-fucosylation of the WAKs could affect their signaling, we have to 

take into account that the signal transduction by the RLKs in general happens upon homo- or 

hetero- dimerization (or oligomerization) of the receptors (Heldin, 1995; Han et al., 2014). 

Usually it is the presence of a peptide, a small molecules or any other specific signal that 

promotes or stabilizes the interaction between two receptors. This physical interaction brings 

together the cytoplasmic kinase domains of the receptors that can then autophosphorylate and 

initiate downstream signaling (often the induction of a MAP kinase cascade). Interestingly, in 

animals, the EGF-like domains and their O-fucosylation have been shown to regulate protein-

protein interaction (Takeuchi et al., 2014). Usually they are necessary and promote the 

interactions between the proteins, but the system works in such a way that it can also limits 

the interaction with one protein or another. An additional glycosylation such as the addition of 

an N-acetylglucosamine to the fucose will change the affinity of the protein with its original 

partner, and a different partner will associate with it. This is exemplified in the case of the 

protein NOTCH in drosophila (figure1 A-C). This protein can associate with the protein 

called SERRATE when its EGF-like repeats are only O-fucosylated, or with DELTA when 

they are additionally N-acetylglucosaminated. The state of glycosylation specific to one of the 

proteins also excludes the interaction with the other. There seem to be some specificity in the 

function of different EGF-like domains on a protein, with some promoting the specific 

interaction, and others inhibiting the non specific interaction. Indeed, the glycosylation of one 

of these EGF-like repeat was shown to be specifically inhibitor of the non specific protein 

interaction (figure 1 B) (Lei et al., 2003) and the absence of O-fucosylation of this site led to 

the constitutive interaction of two proteins despite the glycosylation state of the rest of the 

EGF-like domains indicating otherwise.  
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Figure 1: O-fucosylation in the notch signaling pathway 
(A-B) Schematic representation of the Notch signalling pathway that exist in animals, and the role of the O-
fucosylation of the EGF-like repeats in this pathway. Notch can either interact with a ligand called Delta or 
another called Serrate. When the protein Notch is only O-fucosylated on it’s EGF-like repeats (A), it can only 
interact with Serrate, and not with Detla. This interaction triggers a specific signalling in cell 2. When the EGF-
like repeats have an additional N-Acetylglucosamine on top of the fucoses (B), then Notch can only interact with 
Delta, and not with Serrate anymore. A different signal is triggered in cell 2. 
(C) is a figure from Lei et al. (2003). It shows the influence of O-fucosylation of EGF12 on Notch- Serrate 
interactions. (1) In the absence of N-Acetylglucosamine, Serrate binds to and activates Notch. (2) When the 
EGF12 cannot be O-fucosylated, the Notch-Serrate interaction is enhanced. (3) When N-acetylglucosamine is 
added to O-fucose, Serrate cannot bind or activate Notch (The O-fucose glycan is shown extended to the 
trisaccharide which is the case in certain species (Chen et al., 2001)). (4) When the O-fucose site in EGF12 is 
mutant, Serrate can still bind despite the presence of elongated O-fucose glycans at other sites, and consequently 
can still activate Notch. Green triangles, fucose; red squares, N-acetylglucosamine; blue circles, galactose. 
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Based on this knowledge and the phenotypes observed in our cell adhesion defective and 

suppressed mutants, we propose a working model of the O-fucosylation of the WAKs, that 

could explain what happens at a molecular level (figure 2). 

In the case of the HG deficient mutants quasimodo, a specific signal originating from the 

affected cell wall (maybe related to OGs), could promote the specific homo- or hetero- 

dimerization of the WAKs and trigger a downstream signaling leading to cell separation 

(figure 2 B). The disruption of FRB1 leading to the absence of a O-fucosylation necessary for 

the inhibition of non specific protein-protein interaction (in analogy with the O-fucosylation 

inhibiting nonspecific interaction in animals, figure 1 C), could lead to a constitutive 

dimerization of the receptors, and to a signaling leading to cell separation, even in the absence 

of a specific signal from the cell wall (figure 2 C and D). The disruption of ESMD1 leading to 

the absence of a O-fucosylation necessary for protein-protein interaction could inhibit the 

dimerization of the receptors and prevent the induction of the signaling leading to cell 

separation (qua2/esmd1, frb1/esmd1, qua2/frb1/esmd1, figure 2 respectively E, F and G).  

This is only a model and so far we have not proven the existence of O-fucosylation on these 

domains neither of the implication of the WAKs. However at the current state of our 

investigation this seems to be a valid model to explain the phenotypes that we encounter: It 

can nicely explain the antagonism of the effect of the respective disruption of the two putative 

O-fucosyltransferases ESMD1 and FRB1 and it also seems to correlate with the affected 

subcellular localization of our EGF-WAK:GFP construct as observed in frb1-2 mesophyll 

protoplasts. O-fucosylation of the WAKs EGF-like domains could represent a so far not 

described mechanism of regulation and determination of the specificity of interaction between 

receptor like kinases. The decisive point in the validation of this hypothesis will be the 

biochemical characterization of the WAK in the different genetic background in order to 

determine whether they are O-fucosylated or not, and whether ESMD1 and FRB1 are the O-

fucosyltransferases of their EGF-like domains. This model also opens new perspectives such 

as the determination of the partner receptors in the case of a heterodimerization. Interestingly 

the small GLYCINE RICH PROTEIN 3 (GRP3) has been shown to interact with the 

extracellular domain of WAK1, 3 and 5 through its C-terminal cysteine rich domain and it 

was speculated that this interaction could be with one of the EGF like domains of the WAKs. 

Although GRP3 is not a receptor like kinase, its presence in vitro was shown to induce the 

homo-oligomerization of WAK1 (Park et al., 2001). Such an interaction and subsequent 

oligomerization of the WAKs could be under the control of the O-fucosylation state of the 
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Figure 2: Model of the O-fucosylation of the WAKs and the impact on WAK signaling 
(A-G) Schematic model of the potential role of the O-fucosylation on the WAKs and their impact on signaling 
for the control of cell adhesion. (A) In this model we speculate that in a wild type background the WAKs are O-
fucosylated on both EGF-like domains and that no specific signal in the cell wall active the signaling by the 
WAKs. In case of a signal, the WAKs could interact with on other WAK or another RLK. (B) in a qua2 
background, there is a specific, unknown signal in the cell wall that induces the dimerization of the receptors and 
trigger a signal leading to cell separation. The presence of the O-fucoses on both EGF-like domains allow the 
signaling leading to cell separation. (C) in a frb1 background, the lack of the O-fucosylation mediated by FRB1 
induces a constitutive dimerization of the receptors and signal leading to cell separation, even in the absence of a 
specific signal. This is in analogy with the case presented in figure 1 C. (D) If both QUA2 and FRB1 are 
disrupted, there is both a signal from the cell wall and a constitutive dimerization of the receptor, which are 
equivalent and thus do not have additive effect. In all of the previous cell adhesion defective background (B-D) 
suppressed by esmd1 (E-G), the lack of the O-fucosylation mediated by ESMD1 prevents the dimerization of the 
receptors and prevent the induction of the signaling leading to cell separation even in the presence of a specific 
signal from the cell wall. 
 
 

EGF-like domains. The identification of the other ESMERALDA loci could identify a major 

interacting protein, a RLK for example, given that there is indeed heterodimerization and that 

the interacting protein would not be part of a redundant family or its disruption lethal. In the 

latter cases maybe the molecules from the chemical genomic screen could help identify such a 

target. 

 

In the subsequent part of the discussion, for simplification purpose I state that the WAKs are 

the potential substrate of ESMD1 and FRB1, although it is not proven and we do not ignore 

that it could be a different substrate. Also for simplification I do not mention these potential 

mechanisms and the potential homo- or heterodimerization in the different scheme, but it 

should be applicable to the different cases presented. 

 

Plants can trigger cell separation throughout their tissues 
 

The study of quasimodo, esmeralda1 and friable1 in the first part of the second chapter of this 

thesis led to the conclusion that the cell adhesion defect of the quasimodo mutants is not 

directly the consequence of a decreased HG content in the cell wall but is more likely due to 

the induction of a signaling pathway leading to cell separation. Developmentally controlled 

cell separation is a process that so far is thought to be limited to very specific events such as 

the abscission, dehiscence, fruit ripening, lateral root emergence, and others (Roberts et al., 

2002; Estornel et al., 2013). The molecular mechanisms that take place during these events 

are now quite well described and recent studies on floral organ abscission have uncovered a 

number of interesting players in this pathway (as described in the first chapter of this thesis 

and figure 3).  
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Figure 3: Plant cell separation pathways 
Schematic representation of the cell separation pathway that is described for the developmentally controlled cell 
separation events (abscission, dehiscence,...) and the potential interaction with the cell separation that is 
triggered in quasimodo. An interplay between auxin and ethylene triggers the expression of the small peptide 
IDA. This peptide is then perceived by the pair of LRR-RLK receptor HAE/HSL2 and triggers a MAP kinase 
cascade leading to the repression and derepression of KNAT transcription factors. Finally the transcription 
factors induce the expression of cell wall remodeling enzymes such as XTHs, EXPs, PME and PGs that mediate 
the degradation of the middle lamella leading to cell separation. In parallel the perception of the cell wall pectins 
by the WAKs could have the potential to induce this same MAP kinase cascade leading to cell separation. 
 
 

Interestingly tsd2, an allele of QUA2 (Krupkova et al., 2007) was isolated in a genetic screen 

for its ability to develop a callus like tissue instead of a normal shoot apical meristem (SAM), 

a phenotype that is also observed in the other alleles of qua2 as well as qua1 and friable1. 

This phenotype and the disruption of QUA2 were correlated with the overexpression of the 

class I knotted1-like homeobox transcription factors KNAT1 and KNAT2 (Frank et al., 2002; 

Krupková et al., 2007). Interestingly, among other function, KNAT1 and KNAT2, along with 

KNAT6 were shown to be implicated in the signaling pathway leading to cell separation 

during abscission (Shi et al., 2011). In addition the cell separation pathway that is described 

for abscission implicates MPK3 and 6 (Cho et al., 2008). These MAP kinases were also 
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shown to be downstream elements of the OG and WAK signaling pathway which seem to be 

implicated in our case (Galletti et al., 2011; Kohorn et al., 2012). Finally the chemical 

genomic suppressor screen showed that inhibiting the transport of auxin transport could 

restore the phenotype of quasimodo. The auxin transport was shown to be one of the crucial 

events in triggering the expression of the IDA peptide and inducing cell separation (Péret et 

al., 2013; Kumpf et al., 2013).  

From these observations we question the implication of this cell separation pathway in the 

case of quasimodo cell adhesion defect. One hypothesis could be that in a quasimodo mutant 

background, the expression of IDA, HAE and HSL2 is upregulated throughout the plant, 

leading to the induction of this cell separation pathway. In that regard testing the effect of the 

disruption of IDA on the suppression of the cell adhesion defect on quasimodo phenotype 

could help us determine whether this pathway is implicated or not. Although this hypothesis 

is unlikely due to the very restricted expression of HAE and HSL2, these observations shows 

that a number of links or similarities seem to exist between this well described abscission 

pathway, and the loss of cell adhesion in our case. 

Another hypothesis however, is that these two pathways function in parallel, but using the 

same downstream signaling pathway. As schematized in figure 3, these two pathways could 

use the same downstream MAP kinases cascades, transcription factors and induction of the 

same kind of cell wall remodeling enzymes, finally leading to cell separation. However, 

upstream this cascade could be either induced by the presence of the peptide signal IDA and 

perception by HAE/HSL2, or respond to feedback from the state of the cell wall via a 

perception by the WAKs. Interestingly when looking at this putative interaction between 

these pathways one could hypothesize that the existence of the WAKs’ pectin perception and 

signalization could serve as some kind of amplification of the abscission signal leading to cell 

separation, in order to actually ensure cell separation when it is necessary. 

These are hypotheses that could be verified by testing the genetic interactions between these 

two pathways. Does the mutation in ESMD1 limit organ abscission? Would the disruption of 

the MAP kinase cascade, or the KNAT transcription factors affect cell adhesion in quasimodo 

or esmd1? Such observations could effectively indicate us whether the two phenomena are 

related. They could reveal common downstream events or otherwise reveal independent 

cascade of events. 
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A working model for the control of cell adhesion in plants 
 

The work presented in this thesis has led to the identification of ESMD1 a putative O-

fucosyltransferase, as well as the auxin transport and the PMEs as new players implicated in 

cell adhesion. In fact auxin transport and the PMEs may not be considered as really new 

players in cell adhesion in general since their role was already described in the case of cell 

separation. However we identified them in a different context, and as such they provide new 

information on the mechanisms of cell adhesion. We have also incorporated frb1 in our study, 

and the genetic interactions with qua2 and esmd1 has provided even more new information on 

the mechanisms of cell adhesion. In this paragraph we try to compile this knowledge and 

integrate the new molecular players, in order to propose a new model explaining the control 

of cell adhesion in plants. 

 

We have shown that cell adhesion phenotype of quasimodo can be suppressed through action 

on PMEs and Auxin transport: 

 

-The PMEs are cell wall remodeling enzymes and their action, in conjunction with PGs, can 

lead to the degradation of the pectins (Micheli et al., 2001; Pelloux et al., 2007; Senechal et 

al., 2014). Thus preventing their action with small molecule inhibitors can prevent the 

degradation of the pectins that otherwise leads to the loss of cell adhesion in quasimodo.  

 

-Auxin is known to cause a loosening of the cell wall by the concerted action of the 

expression of cell wall remodeling enzymes (XTHs, EXPS, PMEs, PGs) and the acidification 

of the cell wall (Rayle and cleland 1992; Senechal et al., 2014). In acidic condition the action 

the XTHs and EXPs can ease the accessibility of the PME and PG to the middle lamella for 

its dissolution. Thus preventing the transport of auxin from its apical place of synthesis and 

preventing its action on the other cells can explain the absence of cell wall loosening and 

pectin degradation that otherwise leads to the loss of cell adhesion in quasimodo. 

 

But why would these well-known mechanisms lead to cell separation in quasimodo while they 

do not in the wild type?  

 

A straightforward explanation could be that the decreased HG content in quasimodo cell wall 

makes it more sensitive to these cell wall remodeling enzymes and instead of simply 
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loosening the cell wall, it leads to cell separation. However the genetic study has also pointed 

out the role of ESMD1 and FRB1 in cell adhesion. frb1 undergoes the same type of cell 

separation as quasimodo but it is not affected in pectin content, and esmd1 restores the cell 

adhesion defect of quasimodo but does not restore its HG content in the cell wall. The genetic 

analysis demonstrated that quasimodo, esmd1 and frb1 affect cell adhesion in the same 

pathway. ESMD1 and FRB1 are putative O-fucosyltransferases and the WAKs EGF-like 

domains are most likely their substrates.  

 

So how can we integrate these molecular players with the role of auxin and PMEs?  

 

The mutation in ESMD1 could affect the WAKs’ downstream signaling in such a way that it 

would prevent the cell wall loosening action of auxin that otherwise leads to cell separation. 

On the other hand the mutation in FRB1 could affect the WAKs’ downstream signaling in 

such a way that it would promote the action of auxin and induce a cell separation that is 

similar to that of quasimodo except that frb1 is not deficient in HG.  

This hypothesis implies that it is not simply a higher susceptibility of the quasimodo cell wall 

that leads to cell separation, but that there is in fact the induction of a signaling pathway likely 

mediated by the WAKs, that leads to cell separation via the action of auxin and PMEs. This 

model reconciles the fact that auxin transport inhibition, PME inhibition and the disruption of 

ESMD1 can all individually prevent the induction of cell separation in quasimodo, and that 

the disruption of FRB1 can induce this cell separation independently of a HG deficiency.  

 

But what is the signal perceived by the WAKs that induces this cell separation pathway?  

 

Interestingly the WAKs are known to bind to the HG (Wagner et Kohorn, 2001; Decreux and 

Messiaen 2005; Decreux et al., 2006) and to transduce a signal upon treatment with small 

pectin fragments (Kohorn et al., 2006b, Kohorn et al., 2009; Brutus et al., 2010). quasimodo 

is affected in its HG content and thus the specific state of the pectins in its cell wall could be 

perceived by the WAKs and transduced as a signal leading to cell separation. The WAKs 

could thus induce the degradation of the cell wall. But the interesting thing is that they should 

also be able to perceive the degradation of the cell wall due to the consequent formation of 

OGs. There should thus exist a feedback indicating to the plants the level of degradation of 

the pectins. This feedback could then be used to induce or repress further cell wall 

degradation depending on the situation. We can imagine that such a feedback loop should 
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Figure 4: Induction of a cell separation pathway in the cell adhesion defective mutants 
Schematic representation of the cell separation pathway that seems to be induced in quasimodo and frb1.  
In quasimodo the specific state of the pectins is perceived by the WAKs. This signal leads to the induction of a 
cell separation pathway that acts by promoting the cell wall loosening action of  auxin. Auxin is transported 
throughout the plant and can triggers cell wall loosening by the concerted action of the expression of cell wall 
remodeling enzymes (XTHs, EXPS, PMEs, PGs) and the acidification of the cell wall (Rayle and cleland 1992; 
Senechal et al., 2014). In these acidic condition the action the XTHs and EXPs can ease the accessibility of the 
PME and PG to the middle lamella for its dissolution. Due to the particular state of the pectins in the cell wall of 
quasimodo, the massive degradation of the cell wall is either not perceived or induces even more degradation, 
finally leading to the loss of cell adhesion. The mutation in FRB1 affects the WAKs’ downstream signalling in 
such a way that it promotes the action of auxin and induce the same cell separation pathway as quasimodo 
except that frb1 is not deficient in HG. On the other hand, the mutation in ESMD1 affects the WAKs’ 
downstream signalling in such a way that it prevents the cell wall loosening action of auxin that otherwise leads 
to cell separation in frb1 or quasimodo. The inhibition of auxin transport prevents the accumulation of auxin that 
is necessary for the induction of the pathway. And finally the inhibition of the PME activity prevents the 
formation of the HG substrate susceptible to the degradation by the PG and thus limits the cell wall degradation 
that would otherwise lead to cell separation. 
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normally work as a negative feedback in a wild type plants, limiting the induction of the cell 

wall loosening when the cell wall is already undergoing too much degradation, in order to 

prevent cell separation. But that doesn’t seem to be the case in quasimodo. What may happen 

in quasimodo is that the already modified state of the pectin in the cell wall affects this 

feedback in such a way that it either turns it into a positive feedback loop or that it simply 

prevents the perception of the cell wall degradation such that the initial “quasimodo signal” is 

not repressed by the OG negative feedback (figure 4).  

Interestingly we can find similarities with this pathway in mechanism already described in the 

literature. The OGs were shown to have an antagonistic effect against auxin signalling 

(Bellincampi et al., 1993; Savatin et al., 2011; Ferrari et al., 2013; Branca et al., 1988). 

Although their mechanism of action in this process is still not clear (Savatin et al., 2011), 

some lines of evidence have shown that the OGs could trigger the production of flavonoids 

with a known auxin transport inhibition effect (Hernández-Mata et al., 2010). Inhibition of 

auxin transport would then be at least one of the explanations of the OG-auxin antagonism. 

Given that the auxin-induced loosening of the cell wall promotes the formation of OGs 

(Senechal et al., 2014), the apparition of OGs should then antagonize the action of auxin and 

prevent a too massive degradation of the cell wall, making it a negative feedback loop. Since 

the WAKs are the only demonstrated receptors of the OGs (brutus et al., 2011), the action of 

the OGs in this feedback loop may in fact be mediated by the WAKs.  

Finally the pathway that we have identified by studying cell adhesion may use the same 

mechanism as this negative feedback loop described in the literature, except that in 

quasimodo it is perturbed in such a way that it leads to cell separation instead of preventing it. 

Overall these observations indicate that there is a modulable feedback loop implicating the 

WAKs, auxin, and PMEs at least, that may represent a so far not described dynamic 

mechanism for the maintenance and control of cell adhesion in plants.  

 

This relatively complex mechanism / feedback loop in schematized in figure 4 and 5. Figure 4 

represents the pathway that seems to be induced in quasimodo and frb1 and indicates where 

the different mutant and suppressor would affect the pathway. Figure 5 represent the pathway 

as it may exist in the wild type plant and as it may normally function in order to prevent cell 

separation. 
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Figure 5: Maintenance and control of cell adhesion in plants 
Schematic representation of the regulatory feedback loop that allows the maintenance and control of the cell 
adhesion in plants. 
Auxin is transported throughout the plant and can triggers cell wall loosening by the concerted action of the 
expression of cell wall remodeling enzymes (XTHs, EXPS, PMEs, PGs) and the acidification of the cell wall 
(Rayle and cleland 1992; Senechal et al., 2014). In these acidic condition the action the XTHs and EXPs can 
ease the accessibility of the PME and PG to the middle lamella for its dissolution. The degradation of the cell 
wall is perceived by the WAKs which subsequently induce the synthesis of endogenous flavonoid auxin 
transport inhibitors, and inhibit the cell wall loosening action of auxin. A too massive degradation of the cell 
wall is thus avoided and the cell adhesion is maintained. 
 

 

Although a lot remains to be understood on the precise role of some of these molecular 

players, based on these new information we have established a new model explaining the loss 

of cell adhesion in the quasimodo and friable1 mutants, and from this model we have inferred 

the existence of the mechanisms that dynamically allow the maintenance of cell adhesion in 
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plants during growth and development. Further work on the molecular player that we have 

identified here as well as the other ones isolated in our genetic and chemical genomic screen 

will continue to improve our understanding of this pathway and in general of the mechanisms 

that control cell adhesion in plants 

 

Why is quasimodo sensitive to sucrose? 
 

Although the work presented in this thesis is largely focused on cell adhesion, the sensitivity 

of quasimodo to the carbon/nitrogen imbalance is not a negligible aspect of the mutants 

phenotype. The isolation of oversensitive to sugar 1 (osu1) (Gao et al., 2008), an allele of 

qua2 identified in a genetic screen specifically directed at identifying mutants affected in the 

response to sucrose, indicates that the disruption of quasimodo has a significant impact on the 

plants’ metabolism.  

Since the function of QUA1 and QUA2 seems clearly defined as homogalacturonan synthesis 

enzymes (Bouton et al., 2002; Mouille et al., 2007), the most likely hypothesis for the 

presence of this phenotype is that it is a secondary effect of either the cell adhesion defect or 

the HG synthesis deficiency. 

The cell adhesion defect itself could explain this phenotype by the fact that the loss of cell to 

cell adhesion should disrupt the connectivity between certain cells, and thus limit the 

exchange of molecules including metabolites. The sucrose may thus accumulate in certain 

cells and induce a stress. Another hypothesis is based on another phenotype of quasimodo that 

has not been described in this thesis. The mutant quasimodo tend to show a hyperhydric 

phenotype, that translate by the translucence of the tissues due to the fact that the intercellular 

spaces are filled with water or polysaccharides. This should reflect the affected state of the 

pectin and probably a high porosity of the cell wall in quasimodo. Such a porosity may easily 

allow the uptake of sucrose and the sucrose may easily diffuse throughout the plant by the 

apoplast. The uncontrolled accumulation of sucrose in the tissue may thus trigger a stress. 

Another hypothesis is that this phenotype is induced by the deficiency in HG. The direct 

effect of the inhibition of pectin synthesis in the quasimodo mutants could be that the 

carbohydrates that should ultimately be incorporated in the cell wall are not, and instead 

accumulate in the cell. Thus making the plant more sensitive to additional carbon input. 

Finally this higher sensitivity to sucrose could be a side effect of the signaling pathway that is 

activated and that leads to cell separation. 
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The fact that some of the chemical suppressors can restore the cell adhesion defect without 

restoring the sucrose sensitivity indicates that it is not a consequence of the cell adhesion 

defect. In addition the fact that esmd1 can suppress the sucrose sensitivity without restoring 

the HG synthesis should indicate that it is not a problem of sucrose accumulation consequent 

to the HG synthesis inhibition either. The existence of this phenotype in quasimodo remains 

mysterious for now, but the study of the different suppressor specific for the restoration of the 

sucrose sensitivity, that are already isolated, should explain the existence of this phenotypes 

and unravel the molecular players responsible for it. 

 

Perspectives  
 

The objectives of this work was to identify the molecular players implicated in cell adhesion, 

and get a better understanding of the cell adhesion mechanisms.  

By the use of no a priori approaches our goal was to try to identify the function of new 

uncharacterized genes. We have isolated and identified ESMD1 which that regard represent 

an uncharacterized gene member of a gene family within which none of the genes have been 

characterized for their catalytic function in plants.  

The study of the putative function of ESMD1 and FRB1 has led us to the hypothesis that the 

O-fucosyltransferases are implicated in the O-fucosylation of the WAKs EGF-like domains. 

But of course other proteins could in fact be the substrates of these putative O-

fucosyltransferases such as the SRK which for some of them have a conserved O-fucosylation 

sites. But there could be other substrates. The family of the putative O-fucosyltransferases in 

arabidopsis contains 39 members, and based on our prediction inspired from the animal 

system, there would be only 15 conserved O-fucosylation sites on Arabidopsis protein. Such a 

higher number of enzymes compared to the putative target could be explained by a high 

redundancy of some of the members, or very distinct patterns of expression. But it also very 

likely indicates that there are more potential substrates than what we estimated. It will remain 

challenging to actually determine those but looking for protein domains resembling the EGF, 

forming disulfide bridges and having a three dimensional structure containing conserved 

serine or threonine at a given location in the domain could be a good starting point. In 

addition, no a priori proteomic approaches designed to identify O-fucosylated proteins could 

reveal very informative. The study of the plant putative O-fucosyltransferases, the 



	   150	  

characterization of their catalytic function and the role that they play in plant development 

should reveal very interesting for future research. 
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2,4 D   2,4-Dichlorophenoxyacetic acid  
 
aa   amino acid 
 
ABA  Abscisic acid 
 
AGP   ArabinoGalactan Protein  
 
AO  Ammonium Oxalate  
 
bp   base pair  
 
BRI  BRassinolide-Insensitive1  
 
BSA   Bovine Serum Albumin  
 
cDNA   complementary DNA 
 
CDS  CoDing Sequence 
 
CDTA  CyclohexyleneDinitriloTetraacetic Acid 
 
CESA  Cellulose Synthase Catalytic Subunit  
 
CGA  Charophycean Green Algae 
 
CMV  Cauliflower Mosaic Virus  
 
CTAB  CetylTrimethylAmmonium Bromide 
 
CWR  Cell Wall Remodeling 
 
C/N  Carbon/Nitrogen 
 
DMSO  DiMethyl SulphOxide  
 
DNA   DeoxyriboNucleic Acid  
 
DTT   DiThioThreitol  
 
ECM  ExtraCellular Matrix 
  
EDTA   Ethylene Diamine Tetra acetic Acid  
 
EELS  Electron Energy Loss Spectroscopy 
 
EGCG  EpiGalloCatechin Gallate 
 
EGF   Epidermal Growth Factor  
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EMS  Ethyl MethaneSulfonate 
 
EXP  Expansin 
 
E.coli   Escherichia coli  
 
FTIR   Fourier Transform Infra-Red  
 
Fuc  Fucose 
 
FucAL  Fucose Alkyne 
 
Gal  Galactose 
 
GalA  Galacturonic Acid 
 
GAUT  GAlactUronosylTransfearse 
 
GDP  Guanosine DiPhosphate 
 
GFP   Green Fluorescent Protein  
 
Glc  Glucose 
 
GlcA  Glucuronic Acid 
 
GlcNac N-AcetylGlucosamine 
 
GO  Gene Ontology 
 
GRP   Glycine-Rich Protein 
 
GT  GlycosylTransferase 
 
GUB  GalactUronic acid Binding  
 
GUS   β-glucuronidase  
 
HG  HomoGalacturonan 
 
HRGP  Hydroxyproline Rich GlycoProtein 
 
HRM  High Resolution Melt 
 
HRP  HorseRadish Peroxidase 
 
IAA  Indole Acetic Acid  
 
kDa  kiloDalton  
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LRR   Leucine-Rich Repeat  
 
Man  Mannose 
 
MAP  Mitogen activated Protein 
 
ME  Methyl Esterification 
 
NAA  1-Naphthaleneacetic acid 
 
NGS  Next Generation Sequencing 
 
NPA  1-N-Naphthylphthalamic acid  
 
OG   OligoGalacturonan  
 
PA  Protease Associated domain 
 
PAE  Pectin Acetyl Esterase 
 
PAGE  PolyAcrylamide Gel Electrophoresis 
 
PCR   polymerase chain reaction  
 
PDB  Potato Dextrose Broth 
 
PFS  Planar Fenestrated Sheet 
 
PG  PolyGalacturonase 
 
PL  Pectate Lyase 
 
PME  Pectin MethylEsterase 
 
PMEI  Pectin MethylEsterase Inhibitor 
 
POFUT Protein O-FucosyTransferase 
 
RFP  Red Fluorescent Protein 
 
RGI  RhamnoGalacturonan I 
 
RGII  RhamnoGalacturonan II 
 
RLK   Receptor-like Kinase  
 
RLP  Receptor-like Protein 
 
RNA   RiboNucleic Acid  
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RT-PCR  Reverse Transcription-Polymerase Chain Reaction  
 
SDS   Sodium DodecylSulphate  
 
SIMS  Secondary Ion Mass Spectroscopy 
 
SNP  Single Nucleotide Polymorphism 
 
SP   signal peptide  
 
SRK  S-locus Receptor Kinase 
 
TBTA  Tris(benzyltriazolylmethyl)amine 
 
TFA  TriFluoroacetic Acid 
 
TIBA  2,3,5-triiodobenzoic acid 
 
TM   TransMembrane domain 
 
TN  Tubuar Network 
 
TSR  ThromboSpondin Repeat 
 
TVN  TubuloVesicular Network 
 
T-DNA Transfer DNA 
 
UDP  Uridine DiPhosphate 
 
VSR  Vacuolar Sorting Receptor 
 
WAK   Wall associated kinase  
 
WGS  Whole Genome sequencing 
 
WS  A.thaliana ecotype Wassilevskija  
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Figure 1: qua2, frb1 and esmd1 affect cell adhesion and pectin signaling in a same pathway and 
independently from HG content in the cell wall 
(A-I) Phenotype of col-0, qua2-1, qua2-1/esmd1-1, esmd1-1, frb1-2, frb1-2/esmd1-1, qua2-1/frb1-2, qua2-
1/frb1-2/esmd1-1 : (A) Light grown seedlings on a 0.2% agarose and 3% sucrose medium similar to the 
suppressor primary screening conditions and (B-I) Close up view of the dark grown hypocotyls stained with 
ruthenium red in order to reveal the cell adhesion defect. The principle of the Ruthenium red staining here is that 
the cell separation creates ruptures in the continuity of the hydrophobic cuticle, which directly exposes the cell 
wall and allows the entry and binding of the ruthenium red, thus highlighting the cell adhesion defect. esmd1-1 
suppresses the phenotype of qua2-1, frb1-2 and the double mutant qua2-1/frb1-2, and qua2-1/frb1-2 does not 
seem to show an additive phenotype compared to either qua2-1 or frb1-2 alone. (J) Galacturonic acid content 
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function of these putative O-fucosyltransferases and how can we explain their role in cell 

adhesion? 

 

 

 

Figure 2: Potential substrates of ESMERALDA1 and FRIABLE1 
UniProtKB/Swiss-Prot database search reveal four classes of proteins harboring EGF-like domains: The Wall-
Associated Kinases (WAK), the WAK-like, the S-domain RLK (SRK) and the Vacuolar Sorting Receptors 
(VSR). These EGF-like domains are the potential substrates of the putative O-fucosyltransferases 
ESMERALDA1 and FRIABLE1, however, only the WAKs and some of the SRK actually have the conserved 
site for O-fucosylation. 
GUB-WAK: GalactUronic acid Binding domain - Wall-Associated Kinases; PA: Protease associated domain. 
The drawing of each protein type/family is intended to be an average representative structure, but variations exist 
within families (see table S1). Also not all the proteins considered as part of these families had conserved EGF-
like domains (e.g. there are 21 WAK-like but only 19 have EGF-like) 
 
 

ESMD1 and FRB1 putative function is to transfer fucose onto Epidermal Growth 

Factor-like repeats 

 

O-fucosyltransferases in animals have been demonstrated to be responsible for adding a 

fucose to Epidermal Growth Factor (EGF)-like repeats (GT65, poFUT1) (Wang et al., 2001) 

or to  ThromboSpondin type 1 Repeats (TSR) (GT68, poFUT2) (Luo et al., 2006). In a 

number of proteins containing these domains, the presence of this glycosylation is necessary 

for the correct function of the protein. It participates in protein-protein interaction and is the 

substrate for further glycosylation affecting the specificity of interaction with one protein 

partner or another (Takeuchi and Haltiwanger, 2014). These EGF and TSR domains have six 
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signaling pathway related to the pectin defect in quasimodo that in the end induces cell 

separation in the mutant.  

 

 
Figure 3: cell adhesion control feedback loop: A working model 
The state of cell adhesion is suggested to be under the control of a feedback loop positively or negatively 
influencing cell adhesion. Such a feedback mechanism could be mediated by the WAKs, sensing mechanical 
cues by their tight attachment to the HG, as well as perceiving the degradation state of the cell wall under the 
form of Oligogalacturonans. This perception may induce the expression of cell wall remodeling enzymes in 
order to degrade the middle lamella and lead to cell separation, or repress their expression in order to maintain 
cell adhesion. The consequence of these cell wall modifications can then be perceived by the WAKs thus closing 
the loop. In this model the function of ESMD1 and FRB1 at a molecular level remains to be fully understood, 
but their disruption affect the signaling of the WAKs (frb1) transducing a signal leading to cell separation or 
negatively (esmd1) preventing the induction of cell separation 
 
 

 

Interestingly this situation is reminiscent of recent studies that have shown that some of the 

phenotypes primarily described in cell wall mutants were actually the result of cell wall 

integrity sensing leading to a disturbed growth and development (Hématy et al., 2007; Wolf et 

al., 2012b). For example the mutant procuste1 that is affected in the cellulose synthase CesA6 

and is deficient in cellulose shows a striking reduction of growth (Fagard et al., 2000). The 

decreased cellulose content in the cell wall seemed to explain very well a direct physical 

limitation of growth. However it was shown that a mutation in the THESEUS1 receptor like 

kinase could suppress this growth defect, and that it was in fact the perception of the cell wall 
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Figure S1: Mapping and sequencing strategy, and the identification of esmd1-1 
The graphs and annotations are the data obtained for the mapping and sequencing of a bulk of the segregant F2 
suppressors of the qua2-1/esmd1-1 line. The graphs are SHOREmap outputs (schneeberger et al., xxx) with 
added annotations relative to the genetic mapping done in parallel. (A) shows all the EMS canonical SNPs 
filtered for a >8x coverage, >0.75 frequency and >25 SHORE score. Each dot represents one mutation. The 
Shore score gives an idea of the quality of the sequenced reads on which the SNP call is based (25-40 are good 
to very good quality). The five graphs represent the five chromosomes of Arabidopsis thaliana, with on the x 
axis the position on the chromosome from the top to the bottom, and on the y axis the frequency of the mutation. 
The coverage is of an average of 28x. SNPs with a frequency of 1 (or almost 1) are likely linked with the 
suppressor loci. Thus the “cloud” of near-homozygous SNPs at the top of chromosome 2 defines the mapping-
by-sequencing interval. The genetic mapping interval colocalizes with the mapping-by-sequencing interval. (B) 
is a close up on chromosome 2 with both genetic mapping and mapping-by-sequencing intervals. The mapping 
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Figure S2: ESMD1 mutant alleles and the structural and functional domains conservation 
ConSeq analysis (Berezin et al., 2004) of the conserved structural and functional domains of the protein, based 
on the 13 closest related members of the putative O-fucosyltransferase family of arabidopsis thaliana, as 
selected by the “homolog search algorithm” of the server and based on the full length amino acid sequence of 
ESMD1. Color scale for the highlighted amino acids represent their degree of conservation among the 13 related 
proteins. The letter below is a prediction of whether the amino acid is buried (b) within the 3D structure of the 
protein, or exposed (e), and when conserved, whether the amino acid may have a functional (f) or structural (s) 
role for the protein. The frames around successive amino acids show the conserved motifs of signature relevant 
for the predicted function of the protein. The red are for the GDP-fucose protein O-fucosyltransferase signature 
(IPR019378) (Hansen et al., 2012). And the blue are the peptides domains I, II and III characteristic of the 
fucosyltransferase superfamily (hansen et al., 2009). The red stars mark the two alleles esmd1-1 and esmd1-2 
position and the amino acid change. 
!
!
!
!
!

!
!
Figure S3: ESMD1:GFP fusion protein accumulates in the Golgi apparatus 
Imaging of ESMD1:GFP (cyan) and the Golgi marker mannosidase I–mCherry (magenta, Nelson et al., 2007), 
co-infiltrated and transiently expressed in epidermal cells of N. benthamiana. ESMD1:GFP and our Golgi 
marker colocalize, indicating a Golgi localization of ESMD1. 
 
!

35S::ESMD1:GFP! 35S::ManI:mCherry! 35S::ESMD1:GFP /!
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25 kDA form is considerable when the sample is first ground in water with no particular 

precautions (figure 1 lane 1 and 2). For this reason the subsequent experiments were 

performed on ice, from the tissue grinding to the extract denaturation, and the extraction 

buffer was supplemented with an anti-proteases cocktail. But even when the sample was 

directly flash frozen at harvesting, ground in Laemmli and directly boiled for ten minutes 

there was still a considerable amount of degradation product (figure 1 lane 1). This 

observation suggested that at least some of the proteins were likely degraded in the plant prior 

to extraction. 

 

 
Figure 1: WAK:GFP construct expression and extraction 
Western Blot of different extracts for 35S::WAK1:GFP transformed plants.  
In lane 1 the leaf samples were directly ground in Laemmli and boiled for 10 minutes, while in lane 2 they were 
first ground in water and then boiled in Laemmli for 10 minutes. The difference in GFP fusion protein profile 
reveals a degradation of the protein in the latter situation. In lane 3, 4 and 5 the leaf samples were first ground in 
a simple Tris-HCl extraction buffer containing an anti-protease cocktail. A first soluble fraction was obtained 
after centrifugation of the extract at 10,000g for 10 minutes. Then the pellet was treated with 0.05M CDTA for 
2h at room temperature, and the extract was centrifuged at 10,000g for 10 minutes to obtain the second fraction. 
Finally the pellet was treated with 0.05M Na2CO3 for 14h at room temperature, and the extract was centrifuged 
at 10,000g for 10 minutes to obtain the third fraction. In lane 6 and 7 leaf samples were first ground in a simple 
Tris-HCl extraction buffer containing an anti-protease cocktail. A first soluble fraction was obtained after 
centrifugation of the extract at 10,000g for 10 minutes. Then the pellet was treated with the protoplast cell wall 
degradation cocktail for 16h at room temperature and the extract was centrifuged at 10,000g for 10 minutes to 
obtain the second fraction. Finally the samples that were not directly ground in Laemmli were supplemented 
with 1 volume of 2X Laemmli, and all the samples were boiled for 10 minutes before gel migration. The 
membrane was probed with an anti-GFP antibody and reveal no detectable full length WAK fusion protein in the 
soluble or cell wall extracted fractions. 
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obtain purified proteins. Protein purification usually only yielded an approximately 25 kDa 

band likely corresponding to the GFP fragment alone (figure 2 lane 3). 

 

 
 
Figure 2: GFP-trap purification of the WAK:GFP fusion proteins 
Lane 1 is the extract from leaves directly ground and boiled in Laemmli. In lane 2 the leaf samples were first 
ground in a 4% SDS / 50mM DTT extraction buffer, and GFP-trap purification was carried out on this extract. In 
lane 3, the leaf samples were first ground in a simple TrisHCl extraction buffer containing an anti-protease 
cocktail and GFP-trap purification was carried out. The presence of the GFP fusion proteins was probed with an 
anti-GFP antibody. In lane 2 no purification at all was observed due to the incompatibility of the SDS/DTT 
extraction buffer with the GFP-trap. In lane 3 only the approximately 25 kDa GFP fragment was observed likely 
because the full length version of the fusion protein didn’t detach from the cell wall with the extraction buffer 
used. 
 

 

Can we extract the WAKS from freshly prepared protoplast? 

Finally I attempted to extract the WAKs from freshly prepared protoplasts. The principle was 

to prepare protoplast (as described in III. Experimental procedure) such that the cell wall 

would be removed and the newly synthesized overexpressed WAKs would be more easily 

extractable. I also prepared microsomal fractions of these protoplastes to increase the chance 

of purifying the WAKs. Western Blot analysis of the different fractions did not reveal the 
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Figure 3: 35S::EGF-WAK:GFP transient transformation in protoplasts: Tests
(A) Schematic view of the EGF-WAK:GFP fusion protein compared to the WAK:GFP. SP: Signal peptide; 
EGF: Epidermal Growth Factor; TM: Transmembrane domain. N: N-Terminal end of the protein; C: C-terminal 
end. (B) Western blot of different extracts from transiently expressed EGF-WAK:GFP fusion protein in col-0 
cell cultures protoplasts and WAK1:GFP fusion protein in stably transformed plants. 
Lane 1 is a positive control transformation with a simple 35S::GFP construct. Lane 2 and 3 are the extracts from 
the transformations with 35S::EGF-WAK1:GFP (lane 2) and 35S::EGF-WAK2:GFP (lane 3). Lane 4 is a 
negative non transformed control. The proteins were extracted from equal amounts of transformed or control 
protoplasts with a simple lysis buffer (as described in the experiment procedure). The presence of the GFP fusion 
proteins was probed with an anti-GFP antibody. Lane 5 and 6 are for comparison with the stably transformed 
35S::WAK1:GFP construct. Interestingly the EGF-WAK1 construct (lane 2) yielded a nice band of the expected 
size of the fusion protein, while EGF-WAK2 (lane 3) yielded two bands with a lower intensity. These results 
show that at least for EGF-WAK1, the transient transformation works well, the expected size protein is 
produced, is easily extractable and produces barely any GFP degradation products. 
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Figure 4: 35S::EGF-WAK1:GFP transient transformation in leaf mesophyll protoplasts from different 
genetic backgrounds : Western blot 
The same 35S::EGF-WAK1:GFP construct as in figure 3 was transformed into col-0 (lane 1), qua2-1 (lane 2), 
esmd1-1 (lane 3), frb1-2 (lane 4), esmd1-1/frb1-2 (lane 5) and mur1-1 (lane 6) leaf mesophyll protoplasts, or not 
transformed (lane 7). The expression level of the fusion protein was assayed by western blot. The presence of the 
GFP fusion proteins was revealed with an anti-GFP antibody. Interestingly mur1-1 transformation efficiency was 
much higher than the other genotypes as revealed by the presence of a band at the expected size (approximately 
42 kDa) of a much higher intensity than the other genotypes. The higher molecular weight bands at 
approximately 100 and 170 kDa could be multimers of the EGF-WAK1:GFP fusion protein potentially also 
associated with GRP3, a peptide known to interact with WAK1 and to promote its multimerization (Park et al., 
2001). 
 

 

Transformation of Col-0 cell suspension culture 

The first tests were carried out on Col-0 cell suspension culture available at the institute, 

following the protocol described in (AXELOS et al., 1992). These provided encouraging 

results (figure 3 B). Western blot analyses were carried out on whole protoplast lysate 

approximately 16h after transformation. The 35S::EGF-WAK1:GFP construct produced a 

single band at approximately 42 kDa as expected, in relatively high amount and with almost 

no visible degradation product (figure 3 B lane 2). The 35S::EGF-WAK2:GFP construct 

however produced two specific bands around the expected size and in a lower quantity 

compared to EGF-WAK1 (figure 3 B lane 3). 
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Figure 6: Endosomal localization of EGF-WAK1:GFP in frb1-2 leaf mesophyll protoplasts 
frb1-2 protoplasts transformed with the EGF-WAK1:GFP construct were observed with (B) and without (A) 
fm4-64 staining. When stained the observation was done about 10 minutes after the addition of the fm4-64. 
Interestingly the vesicle like localization of the fusion protein in frb1-2 colocalizes with the fm4-64 
internalization. This suggests that the protein is indeed located in the endosome. Interestingly there is also a GFP 
signal in the chloroplast in frb1-2 compared to mur1-1 (figure 5). The images were taken with the exact same 
settings which tend to indicated that the signal is indeed specific to GFP. 
The green channel on the pictures correspond to the GFP signal (detected at 495–540 nm), and the red channel 
corresponds to the fm4-64 signal as well as the autofluorescence of the chloroplasts (detected at 560–620 nm). 
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However in depth characterization of the cell wall has been carried out in the case of the 

mutant frb1 (Neumetzler et al., 2012) and although they were able to point out that the low 

degree of pectin methyl esterification and higher PME activity were likely responsible for the 

loss of cell adhesion, a number of other modifications are taking place in the cell wall of this 

mutant and a clear picture could not be drawn either. This also answer the concern of a 

potential direct role of ESMD1 and FRB1 on the cell wall structure and composition instead 

of signaling, since they are glycosyltransferases and could glycosylate structural components 

of the cell wall. None of the cell wall analyses that were carried out on frb1 could clearly 

point out a cell wall component that could be the substrate of FRB1. Overall this seems to 

correlate with the fact that these enzymes affect the signaling and that the downstream 

modifications that they induce in the cell wall are complex. 

 

 
Figure 8: Characterisation of the cell wall modification in quasimodo and the suppressor lines: 
Monosaccharide composition analysis 
Monosaccharide composition of col-0, qua2-1 and qua2-1/esmd1-1. No major changes are observed between the 
different genotypes. 

2. ESMD1 pattern of expression 
 

A GUS construct harbouring the 2168 pb upstream promoter region of ESMD1 was used to 

study the expression pattern of ESMD1. GUS expression seems to be present almost 

throughout the seedling and to a stronger degree in the vascular tissues (figure 9). In dark 

grown hypocotyls the expression is present in the root but absent in the root cap (figure 9 D). 

The GUS staining is present in the hypocotyl and seems to be more intense in the already 
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Figure 11: Gene Ontology of the genes up regulated in the cell adhesion defective mutants  
AgriGO tool (http://bioinfo.cau.edu.cn/agriGO/index.php; Du et al., 2010) Gene ontology analysis output reveals 
mostly an up-regulation of the “response to stimulus” related genes. 
 

 

 

Gene Ontology analysis for genes specific of the cell adhesion defect !
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Figure 12: Gene Ontology of the genes up regulated in the esmd1-1 restored line 
AgriGO tool (http://bioinfo.cau.edu.cn/agriGO/index.php; Du et al., 2010) Gene ontology analysis output reveals 
mostly an up-regulation of the “response to stimulus” related genes as well as genes implicated in the “indole 
and derivative metabolic process”. 
 

 

homeostasis (Shin et al., 2006). The functions of these genes and the phenotypes that they 

induce when they are differentially expressed could be responsible for some of the pleiotropic 

phenotypes of quasimodo. 

Gene Ontology analysis for genes specific of esmd1-1 cell 
adhesion restoration!
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Overall this demonstrates that the mutation in ESMD1 does not abolish the response to OGs 

as we would have expected. But it still clearly affects the response as observed with the two 

genes that we tested. We expected that PAD3 and FADLox would behave similarly in 

response to OG, and it does for col-0 and qua2-1, but it is not the case in the suppressor line. 

This may actually mean that the potential presence or absence of the O-fucosylation may not 

have a radical effect such as permitting or abolishing the signaling but may affect the 

specificity of the response and the downstream signaling pathway.  

 

 
Figure 13: quasimodo and esmd1 have an altered response to pectin 
Expression levels of PAD3 (A and C) and FADLox (B and D), of either non treated (A and B) or OG treated (C 
and D) seedlings of col-0, qua2-1, qua2-1/esmd1-1 and esmd1-1. Values shown are average and standard 
deviation of three biological replicates. All relative expression is expressed in fold change relative to the 
untreated col-0 (A). However, * indicates independently in each graph a significant difference (t-Test, p<0.05) 
with the col-0 sample in this graph. 
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Figure 14: qua2-1 is resistant to B. cinerea maceration and sensitivity is restored in the suppressor line 
Six weeks old leaves of col-0, qua2-1, qua2-1/esmd1-1 and esmd1-1 inoculated with two drops of germinated 
spores in PDB, or PDB alone (mock) and observed after 48H. The maceration makes the leafs translucent around 
the site of inoculation. Qua2-1 doesn’t show any signs of maceration 48h after inoculation compared to the other 
lines. 
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Figure 1: High throughput chemical genomic screening for the restoration of cell adhesion and sucrose 
sensitivity 
(A-D) Four days old dark grown hypocotyls of the qua2-1 mutants treated with DMSO for control (A) or with 
suppressor compounds (B-D). The seedlings were stained with ruthenium red to reveal the presence or 
restoration of the cell adhesion defect. A characteristic outward-curving of the epidermal cells can also be seen 
in the quasimodo mutant, which is characteristic of the cell adhesion defect when observed on the dark grown 
hypocotyl. This phenotype is restored by the suppressor compounds as well, showing actual restoration of cell 
adhesion and not simply the inhibition of the ruthenium red staining. (E-H) Twelve days old light grown 
seedlings of the qua2-1 mutant grown with 3% sucrose, treated with DMSO for control (E) or with suppressor 
chemicals (F-H). The mutant is very sensitive to C/N imbalance in the growth medium, accumulates anthocyanin 
(not to be confused with ruthenium red staining) and has no chlorophyll (E), while the suppressor compounds 
induce a suppression of these phenotypes (F-H). Note that compound 7528601 (D and H) has an effect on both 
phenotypes while the other four compounds taken as example here (B, C, F and G) were specific for either cell 
adhesion or sucrose sensitivity. The chemicals’ names correspond to their ChemBridge ID 
(http://www.hit2lead.com/) 
 

 

One was based on the restoration of cell adhesion and the second one on the restoration of 

sucrose sensitivity. 

In order to achieve a high throughput screening, the qua2-1 seeds were sown by pipetting 

from a liquid medium into 96-well plates with 5 to 10 seeds and 150µl of medium per well. 

The chemicals were then added to a final concentration of 34µM by an automated workstation 
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Figure 3: Inhibition of auxin transport can prevent cell separation in quasimodo 
(A-H) Four days old dark grown hypocotyls of the qua2-1 mutants treated with DMSO for control (A and E), 
with the auxin IAA at increasing concentrations (B-D), or with the auxin transport inhibitor NPA at increasing 
concentrations (F-H). The seedlings were stained with ruthenium red to reveal the presence or restoration of the 
cell adhesion defect. Auxin treatment induces an inhibition of growth but does not prevent ruthenium red 
staining. In contrast the inhibition of auxin transport by NPA only slightly reduces growth while it clearly limits 
ruthenium red staining in a dose-response manner. The characteristic outward-curving of the epidermal cells of 
the quasimodo mutant dark grown hypocotyl is also restored by increasing concentrations of NPA, showing a 
clear effect of NPA on the restoration of the quasimodo mutant’s cell adhesion defect. 
 

 

(Manrique and Lajolo, 2002) we evaluated the relative degree of methyl esterification of the 

HG in the qua2-1 mutant treated with the suppressor compounds or with DMSO for control. 

This measure is based on the value of the ratio between the peak intensity at the 1630 cm-1 

band, assigned to the stretching frequency for the carbonyl group of galacturonic acid, and the 

peak intensity at the 1745 cm-1 band, assigned to the methyl ester groups (ME ratio = 

Abs1740cm-1/(Abs1470cm-1 + Abs1630cm-1)). This ratio is in theory linearly proportional 

to the actual degree of methyl esterification of the HG (Manrique et al., 2002). T-test on these 

ratio comparing the compound-treated samples with the DMSO-treated samples were use to 

determine whether some of the chemical significantly induced an increase in the methyl 
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Figure 5: List of PME inhibitor hit compounds 
All of these hit compounds were found as suppressors of qua2 and are both in vitro inhibitors of PME3 and/or 
PME31, and induce in vivo an increase of the degree of methyl esterification of HG compared to the DMSO-
treated qua2. Except for 5714035 for which the in vivo activity was not tested and 5466801 for which in vitro 
inhibition of PME3 was not tested. The percentage below the PME names indicates the percentage of inhibition 
in vitro in our assay conditions. Green outline of the PME names indicates that the molecule is inhibitor of the 
PME, black edge indicate complete inhibition, while gray outline indicates no inhibitory effect. 
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Figure 6: Workflow of the high throughput chemical genomics screening and efficient identification of the 
implication of auxin transport and pectin methyl esterification in cell adhesion. 
This scheme summarizes the work reported in this article. The text written in orange reports to work to be done. 
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Figure 7: Model of auxin and PME mediated cell separation in the pectin deficient mutants quasimodo 
Schematic representation of our hypothesis concerning the phenomenon leading to the loss of cell adhesion in 
quasimodo. Auxin is synthesised at the apex of the plant and is transported to the rest of the plant thanks to the 
basipetal transport of auxin mediated by polar auxin transporters. When entering a cell, auxin can trigger the 
expression of cell wall remodeling (CWR) enzymes. In addition it can activate the efflux of proton into the 
apoplast. In acidic conditions, PMEs act in a more random manner and produce HG substrate suitable for 
degradation by PGs. In wild type plant, that process is known to leads to cell wall loosening and growth. 
However in the context of the pectin deficient mutant quasimodo, it may lead to cell separation. Thus inhibiting 
or limiting the transport of auxin may prevent the induction of CWR enzymes and further degradation of the cell 
wall leading to cell separation. Similarly, inhibiting the de-methyl esterification of HG should prevent its 
degradation by PGs leading to cell separation. These events may thus represent an upstream and a downstream 
step in the process leading to the loss of cell adhesion in quasimodo. 
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Figure 1: O-fucosylation in the notch signaling pathway 
(A-B) Schematic representation of the Notch signalling pathway that exist in animals, and the role of the O-
fucosylation of the EGF-like repeats in this pathway. Notch can either interact with a ligand called Delta or 
another called Serrate. When the protein Notch is only O-fucosylated on it’s EGF-like repeats (A), it can only 
interact with Serrate, and not with Detla. This interaction triggers a specific signalling in cell 2. When the EGF-
like repeats have an additional N-Acetylglucosamine on top of the fucoses (B), then Notch can only interact with 
Delta, and not with Serrate anymore. A different signal is triggered in cell 2. 
(C) is a figure from Lei et al. (2003). It shows the influence of O-fucosylation of EGF12 on Notch- Serrate 
interactions. (1) In the absence of N-Acetylglucosamine, Serrate binds to and activates Notch. (2) When the 
EGF12 cannot be O-fucosylated, the Notch-Serrate interaction is enhanced. (3) When N-acetylglucosamine is 
added to O-fucose, Serrate cannot bind or activate Notch (The O-fucose glycan is shown extended to the 
trisaccharide which is the case in certain species (Chen et al., 2001)). (4) When the O-fucose site in EGF12 is 
mutant, Serrate can still bind despite the presence of elongated O-fucose glycans at other sites, and consequently 
can still activate Notch. Green triangles, fucose; red squares, N-acetylglucosamine; blue circles, galactose. 
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Figure 3: Plant cell separation pathways 
Schematic representation of the cell separation pathway that is described for the developmentally controlled cell 
separation events (abscission, dehiscence,...) and the potential interaction with the cell separation that is 
triggered in quasimodo. An interplay between auxin and ethylene triggers the expression of the small peptide 
IDA. This peptide is then perceived by the pair of LRR-RLK receptor HAE/HSL2 and triggers a MAP kinase 
cascade leading to the repression and derepression of KNAT transcription factors. Finally the transcription 
factors induce the expression of cell wall remodeling enzymes such as XTHs, EXPs, PME and PGs that mediate 
the degradation of the middle lamella leading to cell separation. In parallel the perception of the cell wall pectins 
by the WAKs could have the potential to induce this same MAP kinase cascade leading to cell separation. 
 
 

Interestingly tsd2, an allele of QUA2 (Krupkova et al., 2007) was isolated in a genetic screen 

for its ability to develop a callus like tissue instead of a normal shoot apical meristem (SAM), 
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Krupková et al., 2007). Interestingly, among other function, KNAT1 and KNAT2, along with 
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Figure 4: Induction of a cell separation pathway in the cell adhesion defective mutants 
Schematic representation of the cell separation pathway that seems to be induced in quasimodo and frb1.  
In quasimodo the specific state of the pectins is perceived by the WAKs. This signal leads to the induction of a 
cell separation pathway that acts by promoting the cell wall loosening action of  auxin. Auxin is transported 
throughout the plant and can triggers cell wall loosening by the concerted action of the expression of cell wall 
remodeling enzymes (XTHs, EXPS, PMEs, PGs) and the acidification of the cell wall (Rayle and cleland 1992; 
Senechal et al., 2014). In these acidic condition the action the XTHs and EXPs can ease the accessibility of the 
PME and PG to the middle lamella for its dissolution. Due to the particular state of the pectins in the cell wall of 
quasimodo, the massive degradation of the cell wall is either not perceived or induces even more degradation, 
finally leading to the loss of cell adhesion. The mutation in FRB1 affects the WAKs’ downstream signalling in 
such a way that it promotes the action of auxin and induce the same cell separation pathway as quasimodo 
except that frb1 is not deficient in HG. On the other hand, the mutation in ESMD1 affects the WAKs’ 
downstream signalling in such a way that it prevents the cell wall loosening action of auxin that otherwise leads 
to cell separation in frb1 or quasimodo. The inhibition of auxin transport prevents the accumulation of auxin that 
is necessary for the induction of the pathway. And finally the inhibition of the PME activity prevents the 
formation of the HG substrate susceptible to the degradation by the PG and thus limits the cell wall degradation 
that would otherwise lead to cell separation. 
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Figure 5: Maintenance and control of cell adhesion in plants 
Schematic representation of the regulatory feedback loop that allows the maintenance and control of the cell 
adhesion in plants. 
Auxin is transported throughout the plant and can triggers cell wall loosening by the concerted action of the 
expression of cell wall remodeling enzymes (XTHs, EXPS, PMEs, PGs) and the acidification of the cell wall 
(Rayle and cleland 1992; Senechal et al., 2014). In these acidic condition the action the XTHs and EXPs can 
ease the accessibility of the PME and PG to the middle lamella for its dissolution. The degradation of the cell 
wall is perceived by the WAKs which subsequently induce the synthesis of endogenous flavonoid auxin 
transport inhibitors, and inhibit the cell wall loosening action of auxin. A too massive degradation of the cell 
wall is thus avoided and the cell adhesion is maintained. 
 

Although a lot remains to be understood on the precise role of some of these molecular 

players, based on these new information we have established a new model explaining the loss 

of cell adhesion in the quasimodo and friable1 mutants, and from this model we have inferred 

the existence of the mechanisms that dynamically allow the maintenance of cell adhesion in 
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