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Drought, floodings, progressive salinity, cold spells and aberrant winters... This is just a small 

selection of the possible consequences of climate change on local regions throughout the 

world in hundred years from now. Even without this bleak prospect, agriculture has to cope 

with many stress factors that threaten yields on a daily basis and a global scale. Therefore 

we must try to learn as much as possible about plant stress and the way plants are able to 

cope with it. Only then we can stand a chance to keep providing the growing world 

population of sufficient food with the limited arable land we have available. 

Plant lectins with an inducible gene expression have been the subject of research for about a 

decade. Since their discovery, evidence has been accumulating that plants rely on these 

carbohydrate-binding proteins to deal with specific stress situations. Recently, a new group 

of “inducible” lectins was discovered, consisting of proteins with an EUL lectin domain. These 

EUL lectin genes were detected in virtually all green plants, suggesting a pivotal role in 

plants. The most widespread EUL lectin type is the S3 type, consisting of a single EUL 

domain, preceded by a long unrelated N-terminal domain. While most plant genomes 

harbour more than one EUL sequence, the Arabidopsis thaliana genome contains only one 

EUL gene, which belongs to the S3 type, being the EUL type that is omnipresent in flowering 

plants. The model status of A. thaliana and the fact that only one EUL gene sequence is 

present in its genome greatly facilitate genetic and proteomic approaches. Taking these 

assets into account, the Arabidopsis thaliana S3 type EUL lectin, ArathEULS3, was chosen as 

a model for a detailed study of the cellular mechanisms in which EUL lectins participate. 

The first objective of this PhD research was the molecular characterization of the 

ArathEULS3 protein. In Chapter 2, the heterologous expression in the yeast system Pichia 

pastoris and subsequent purification of the recombinant full length ArathEULS3 protein as 

well the EULS3 lectin domain is described. The recombinant proteins were used in glycan-

binding analyses and allowed the generation of a specific antibody, necessary for later stages 

of the research. 

The second aim of this work comprised the elucidation of the stimuli that induce ArathEULS3 

expression. Chapter 3 deals with the ArathEULS3 expression analyses performed on plants 

during various stages of development and plants treated with an extensive list of stress 
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agents. Furthermore, a complementary in silico promoter and co-expression analysis was 

performed. 

The third goal of this research was the study of the biological importance of ArathEULS3 for 

the plant. Chapter 3 and Chapter 4 investigate of the effects of ArathEULS3 overexpression 

and RNAi-silencing on specific aspects of plant life. 

The fourth objective of this PhD thesis was the investigation of the endogenous interaction 

partners for the ArathEULS3 lectin to gain more insight in the molecular pathways in which 

the EUL lectins are involved. Chapter 4 focuses on the identification of endogenous 

carbohydrate and protein interaction partners of the full length ArathEULS3 protein using a 

new type of plant glycan array and the tandem affinity purification approach, respectively. 

Chapter 5 specifically deals with the identification of the interactors for the EUL lectin 

domain using tandem affinity purification. The validity of the TAP data is corroborated by 

microscopical analyses that allow to confirm the interaction but also enable to visualize 

where the interaction takes place in the cell. 

Finally, all the data are discussed in Chapter 6 and some perspectives for future research are 

formulated. 
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1.1 Lectins 

1.1.1 Historical note 

The scientific discipline of lectinology was born in 1888 when Peter Hermann Stillmark 

assigned the lethal toxicity of “ein giftiges Princip” in the seeds of castor bean (Ricinus 

communis) to the presence of a hemagglutinating protein factor he named “ricin” (Stillmark, 

1888). After such an ominous start, throughout the years it has become clear that most 

lectins fortunately lack this lethal trait and fulfill essential roles in many biological pathways 

which are indispensable for the well-being of humans, animals or plants. 

1.1.2 Definition 

Lectins are a group of proteins with one characteristic that sets them apart from all others: 

they are able to selectively bind carbohydrates. A generally accepted definition to distinguish 

these special proteins from the bulk of proteins lacking this property was formulated by 

Peumans and Van Damme (1995). Lectins can be defined as “all proteins possessing at least 

one non-catalytic domain which binds reversibly to a specific mono- or oligosaccharide”. 

Based on the sequence relationships between their carbohydrate-binding domains plant 

lectins can be classified in 12 families: Agaricus bisporus agglutinin homologs, Amaranthins, 

Class V chitinase homologs, Cyanovirins, Euonymus-related lectins, Galanthus nivalis 

agglutinin-related lectins, Jacalin-related lectins, Hevein-domain lectins, Legume lectins, 

LysM domain proteins, Nictaba-like lectins and Ricin-B lectins (Van Damme et al., 2008). 

1.1.3 “Constitutive” vs. “inducible” lectins 

Based on the expression pattern of their corresponding genes, plant lectins can be divided 

into two main groups: “constitutively expressed” and “inducible” lectins. The lectins with a 

constitutive gene expression are often present in high concentrations since they represent 

0.1 to 10% of the total protein in seeds or specialized vegetative plant tissues, which 

suggests a storage role. These lectins are usually synthesized on the rough endoplasmic 

reticulum and are transported via the secretory pathway to the vacuoles or the extracellular 

space. Many of these lectins show affinity towards glycans which are not present in the 

plant, indicating a role in defense against other organisms. 
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In contrast to these lectins with a constitutive gene expression, lectins with an inducible 

gene expression are present in very low quantities and are often even undetectable under 

normal plant growth conditions, which is probably the main reason why they have 

involuntarily been overlooked for so long. In response to biotic and abiotic stresses such as 

pathogen attack (Qin et al., 2003), wounding, salinity (Zhang et al., 2000), drought or 

treatment with plant hormones (Lannoo et al., 2007), gene expression of these lectins rises 

significantly but even then remains low (Chen et al., 2002). Most of these “inducible” lectins 

have no known signal peptide sequence and thus are expected to be synthesized on the free 

ribosomes in the cytoplasm. After synthesis they usually remain in the cytoplasm or are 

transported to the nucleus, which is also referred to as the nucleocytoplasmic compartment 

(Van Damme et al., 2004a; Lannoo and Van Damme, 2010). 

1.1.4 EUL lectins 

At present at least six carbohydrate recognition motifs have been identified within the group 

of “inducible”, nucleocytoplasmic plant lectins, amongst them the recently discovered 

Euonymus europaeus (spindle tree) lectin (EUL) domain (Fouquaert et al., 2008). The EUL 

family groups all proteins that show sequence homology to the Euonymus europaeus 

agglutinin (EEA) purified from the fleshy arils of the spindle tree (Petryniak et al., 1977). 

Interestingly, protein sequences with an EUL domain are notably well conserved throughout 

the entire plant kingdom, suggesting that these proteins fulfill an essential role in plants. 

Sequence analyses revealed that several proteins contain one or two EUL lectin domains 

preceded or followed by various unrelated N- or C-terminal protein domains, indicating that 

a variety of proteins have acquired this lectin domain during plant evolution. To deal with 

the complexity of the domain structures in EUL proteins, Fouquaert et al. (2009) proposed a 

classification system that groups all proteins according to their domain architecture. Based 

on the presence of one-domain and two-domain EUL proteins and the linkage with some 

unrelated domains 12 types of EUL proteins can be distinguished (Figure 1.1). 
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Figure 1.1: Schematic overview of the 12 types of Euonymus-related lectins (EUL). The right hand 

panel serves as a legend for left and middle panel. Adapted from (Fouquaert et al., 2009). 

 

The nomenclature of the EUL proteins is based on the plant species and also reflects the 

type of EUL protein present. A three letter code of the genus followed by two letters of the 

species makes up the first part of the name. The second part gives an indication of the 

number of EUL domains in the protein (S: single or D: double) and the length of the N-

terminal domain preceding this EUL domain (1: short, 2: medium length, 3: long). For 

instance, the OrysaEULS2 and OrysaEULD1 proteins originate from rice (Oryza sativa) and 

have a single EUL domain of the S2 type and a tandemly arranged double EUL domain of the 

D1 type (Fouquaert et al., 2009). 

The S3 type EUL proteins consist of one single EUL domain preceded by a long unrelated N-

terminal protein domain, and are omnipresent in plants. In contrast to most plant genomes 

that carry multiple EUL lectin genes, only one EUL gene could be detected in the A. thaliana 

genome (Fouquaert et al., 2008). This A. thaliana EUL gene is of the S3 type and codes for a 

317 amino acid protein consisting of a single EUL domain of 154 amino acids preceded by a 

long (type-3) N-terminal domain of 163 amino acids, and will further be referred to as 

ArathEULS3. The fact that no other EUL genes are present in the A. thaliana genome greatly 

facilitates genetic approaches since functional redundancy is excluded. Moreover, it appears 

that the S3 type EUL genes represent the most common form of EUL lectins found in most 
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plant genomes for which sequence information is available (Fouquaert et al., 2009). 

Therefore, ArathEULS3 is a good starting point to study the role of EUL proteins in plants and 

can be considered as the model EUL protein within the EUL family. 

Before discussing the known facts about EUL lectins with regard to plant stress, a brief 

introduction on the topic of “plant stress” will be given. 

 

1.2 Stress 

Ironically, ‘stress’, a term now commonly associated with life, was originally introduced in a 

scientific field very much unrelated to living organisms. Cauchy (1821) defined ‘stress’ or 

‘pressure’ in the physics theory of elasticity as an amount of force for a given unit area. In 

plant sciences, stress has been aptly defined by Lichtenthaler (1996) as ‘any unfavorable 

condition or substance that affects or blocks a plant’s metabolism, growth or development’. 

Following this definition, a list of stress factors can be assembled which may be divided into 

two groups: abiotic stresses caused only by the non-living environment and biotic stresses 

induced by other living organisms. 

1.2.1 Abiotic stress 

The abiotic stress factors with which plants are most commonly confronted are water stress 

(drought, salinity, flooding), temperature stress (cold, heat, freezing), chemicals (heavy 

metals, (residues of) pesticides and other pollutants), oxidative stress (reactive oxygen 

species, free radicals, ozone), irradiation stress (visible light, UV) and nutrient stress (nutrient 

starvation and excess). Taken together, these stresses have been estimated to reduce 

average yields by >50% for most major crop plants (Wang et al., 2003). Here we will discuss 

only the economically most devastating abiotic stress: osmotic stress. 

1.2.1.1 Osmotic stress 

Current climate models predict that the global average surface temperature will rise with up 

to 3.7°C by 2100, which will have dramatic effects on agriculture. It is very likely that this 

change in temperature will be accompanied by increased intensities of drought or heavy 

precipitation events, increasing the contrast between wet and dry regions. It is also 
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predicted with high probability that sea levels will rise due to melting of glacier ice covers, 

causing an extensive salinization of many areas resulting in a decrease in land suitable for 

agriculture (IPCC, 2013). 

Drought stress 

Drought is the most predominant abiotic stress factor for terrestrial plants. It was the cause 

of great famines in the past and since water resources are increasingly scarce, drought will 

likely continue to be the most critical threat to our world’s food security. The world’s water 

supply is indeed limiting and the rapidly rising food demand due to population growth will 

probably further aggravate the effects of drought (Somerville and Briscoe, 2001). 

Plants perceive water shortage at high transpiration rates or at limited water uptake by the 

roots. Drought phenomena are inter alia influenced by the state of the soil and agronomical 

factors. Sensitivity of plants for water shortage depends on the intensity and duration of the 

drought stress, the presence of other stress factors, the plant species but also the 

developmental stage of the plant (Anjum et al., 2011). The effects of drought vary from 

morphological to molecular levels but can clearly be noted at all developmental stages of 

plant growth regardless of the stage in which the water deficit occurs. 

Drought perception in Arabidopsis (Figure 1.2) occurs at the root level, where a dehydration 

of the root tissue is perceived by a drought specific histidine kinase osmoreceptor (Beck et 

al., 2007). This two-component transmembrane receptor is activated by high osmolarity at 

the input domain after which an autophosphorylation reaction occurs at the transmitter 

domain. This allows activation of an output domain of the response regulator and an 

acceptor domain which will act as transcription factor for stress-responsive genes (Urao et 

al., 1999). The activated output domain of the response regulator activates a membrane 

anchored phospolipase C, which hydrolyses phosphatidylinositol 4,5-biphosphate resulting 

in the secondary messenger molecules inositol 1,4,5-triphosphate and 1,2-diacylglycerol. 

Inositol-1,4,5-triphosphate is water soluble and diffuses in the cytoplasm while the lipid 

soluble 1,2-diacylglycerol remains in the membrane. Inositol 1,4,5-triphosphate triggers 

release of Ca2+ ions from intracellular pools such as the vacuole, the endoplasmic reticulum 

or the nucleus (Beck et al., 2007). The rise in cytosolic Ca2+ is perceived by Ca2+ sensors such 

as the calcineurin B-like protein SOS3 which is activated upon Ca2+ binding. This activates 
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downstream protein kinases and phosphatases which regulate expression of important 

stress-responsive genes through controlling the activity of transcription factors. These stress-

responsive genes eventually lead to a better adaptation and survival of the plant under 

stress. Stress-induced changes in gene expression can lead to biosynthesis of hormones such 

as abscisic acid (ABA). These molecules can amplify the initial signal and initiate a second 

pulse of signaling (Akhtar et al., 2012; Bartels and Sunkar, 2005; Lata and Prasad, 2011; 

Mahajan and Tuteja, 2005; Huang et al., 2012). 

 

 

Figure 1.2: Drought signaling pathway in Arabidopsis. Panel A: Stress signal is first perceived by the 

membrane receptor(s). This signal is transferred via intermediate messenger molecules to 
transcription factors which affect the expression of major stress-responsive genes leading to 

physiological responses. PLC: Phospholipase C, PIP2: Phosphatidylinositol 4,5-bisphosphate, DAG: 

Diacylglycerol, IP3: Inositol trisphosphate, CBL: Calcineurin B-like proteins, CaM: Calmodulin, CIPK: 

CBL-interacting protein kinase, CDPK: Calcium dependent protein kinase, MAPK: Mitogen-activated 

protein kinase, RD: Responsive to dehydration, KIN: Kinase, COR: Cold responsive, RAB: RAB GTPASE 

HOMOLOG, LEA: Late embryogenesis abundant. Panel B: Early and delayed gene expression in 

response to abiotic stress signaling. Adapted from (Mahajan and Tuteja, 2005). 
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Salt stress 

Of all toxic compounds, salt has the most restrictive effects on plant growth worldwide (Zhu, 

2007). Apart from primary salinization due to flooding as described earlier, secondary 

salinization due to intensive irrigation combined with poor drainage increases the problem 

of salt stress in agriculture. Salt has a double stress effect: a hyperionic and a hyperosmotic 

effect, both of which may ultimately result in plant death. 

Plants can be divided into glycophytes which are sensitive to salt stress and halophytes 

which are tolerant of salt stress. Glycophytes cannot tolerate soil NaCl concentrations of 40 

mM, while halophytes can withstand NaCl concentrations higher than 200 mM (Flowers and 

Colmer, 2008). Even though A. thaliana is a glycophyt, it is a relatively salt tolerant species. 

The SOS (Salt Overly Sensitive) pathway which mediates a recovery of the ion balance upon 

salt stress is well described in Arabidopsis and is functionally conserved in rice (Martinez-

Atienza et al., 2007), tomato (Olias et al., 2009) and wheat (Xu et al., 2008). The SOS 

pathway is presumably activated by an excess of intra- or extracellular Na+ ions, after which 

a Ca2+ signal is released. This Ca2+ signal is perceived by calcineurin B-like protein SOS3. Here 

the salt response pathway joins the drought response pathway described above. Moreover, 

SOS3 forms a complex with SOS2 protein kinase which can phosphorylate and thus activate 

SOS1, a Na+/H+-antiporter in the plasma membrane that can remove Na+ ions from the cell. 

At the same time the complex inhibits Na+ transporter HKT1, hence assuring that the ions 

cannot re-enter the cell. Not only are Na+ ions transported from the cytosol to the 

extracellular matrix, transport to the vacuole also takes place. SOS2 activates the vacuolar 

H+/Ca2+ antiporter CAX which removes Ca2+ ions from the cytosol, providing Ca2+ 

homeostasis. Furthermore, in Arabidopsis SOS4 and SOS5 were characterized as genes 

responsible for Na+/K+ homeostasis in the cell and cell expansion respectively (Mahajan et 

al., 2008). 
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1.2.1.2 Hormonal signaling during osmotic stress 

As mentioned before, primary signaling events can be amplified by a secondary round of 

signaling, mediated by hormones. These small molecules may act as long-range messengers 

bringing in this case the water stress signal from root to shoot. 

Abscisic acid (ABA) is the most important hormone in the plant response to environmental 

stresses, particularly to drought and high salinity. ABA synthesis starts in the plastids with 

the cleavage of zeaxanthin to violaxanthin and ends after a few more transformations in the 

cytoplasm. Since roots are the first organs perceiving reduced water availability, an 

increased ABA synthesis starts in the roots. Higher ABA levels allow the roots to grow under 

water stress. Moreover, this ABA produced in the roots, can be transported to the shoots 

through the vascular tissue and may contribute to the drought responses in the shoot. In the 

leaves de novo synthesis of ABA is also possible, resulting in an accumulation of a severalfold 

higher ABA level in the leaves than in the roots. 

A major part of the ABA signaling pathway was unraveled only a few years ago (Figure 1.3) 

and can be summarized as follows: In the absence of ABA, the class 2 protein phosphatase 

(PP2C) inhibits the action of an SNF1 related protein kinase 2 (SnRK2). When ABA is present 

in sufficient quantities, binding of ABA to the Pyrabactin Resistance/regulatory component 

of ABA receptor (PYR/RCAR) will allow binding of this complex to PP2C, which will relieve the 

inhibiting effect. Subsequently SnRK2 is able to phosphorylate the ABA responsive element 

binding proteins (AREBs) or ABA responsive element binding factors (ABFs), which activates 

them. The latter transcription factors recognize ABA responsive elements (ABRE) present in 

the promoter region of stress-responsive genes, which leads to transcription and translation 

of stress-activated proteins (Williams, 2012). 
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Figure 1.3: ABA signaling and downstream regulation of gene transcription. Adapted from (Qin et al., 

2011) 

 

1.2.1.3 EUL lectins and osmotic stress 

As mentioned before, EUL lectins were already shown to be implicated in water stress 

almost two decades ago. The OrysaEULS2 lectin from rice formerly called OSR40 showed an 

elevated expression under salt stress and was upregulated after ABA treatment (Moons et 

al., 1997). The OrysaEULS3 lectin from rice was shown to be induced by salt stress in a 

microarray experiment (Cheng et al., 2009). Most recently, the expression of the EUL lectins 

from rice was studied in more detail by Al Atalah et al. (2014). It was concluded that all EUL 

lectins from rice exhibit to some extent an ABA/water stress-induced expression. For 

ArathEULS3, the EULS3 lectin from Arabidopsis, microarray data also clearly point in this 

direction (Fouquaert et al., 2009). It has therefore been hypothesized that EUL lectins are 

involved in the ABA regulated water stress-signaling cascade or even further downstream in 

the protective response of the plant to water stress. Recently ArathEULS3 was proposed as a 

putative interactor of the RCAR1 ABA receptor (Li et al., 2014). These authors suggested that 

overexpression of ArathEULS3 leads to an ABA hypersensitivity and confers an increased 

drought tolerance to Arabidopsis plants. 
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1.2.2 Biotic stress 

Biotic stress agents include microorganisms such as bacteria, fungi and viruses, but also 

Metazoa such as plant parasitic nematodes and herbivorous insects (Hammond-Kosack and 

Jones, 2000). Here we will describe in more detail how plants cope with pathogenic 

microorganisms. We will distinguish between pathogens with two different life styles: 

biotrophic and necrotrophic pathogens. Biotrophic (Greek - bios: life, trephein: nourish) 

pathogens such as Xanthomonas orysae need living host tissues to obtain nutrients, usually 

through specialized feeding structures. Necrotrophic (Greek - nekros: death) pathogens such 

as Botrytis cinerea destroy host cells using phytotoxins and cell wall degrading enzymes, 

which enables them to feed on the cell contents. Hemi-biotrophic pathogens such as 

Pseudomonas syringae combine both biotrophic and necrotrophic stages throughout their 

life (Pieterse et al., 2012). 

The first line of defense against all plant pathogens is the recognition of 

pathogen/microbial/damage-associated molecular patterns (PAMPs, MAMPs and DAMPs), 

resulting in the activation of PAMP-triggered immunity. To overcome this defense, some 

pathogens evolved so-called effector molecules to evade host detection of their PAMPs or to 

suppress PAMP triggered immunity (Bardoel et al., 2011, De Jonge et al., 2010). Plants have 

in turn acquired resistance proteins as a second line of defense to recognize these pathogen-

specific effector molecules which results in effector-triggered immunity (Pieterse et al., 

2012). 

1.2.2.1 Hormonal responses to biotic stress 

Downstream of PAMP or Effector triggered immunity activation an array of plant hormones 

act as central players in triggering the plant immune signaling network (Katagiri and Tsuda, 

2010; Pieterse et al., 2009). Salicylic acid (SA) and jasmonic acid (JA) with its derivatives 

(collectively called jasmonates) are generally considered to be the major defense hormones 

(Vlot et al., 2009). 

SA 

Being a plant defense hormone, SA plays a major role in disease resistance signaling 

pathways (Figure 1.4, Panel A) (Vlot et al., 2009) which are typically (but not exclusively) 

effective against biotrophic pathogens (Glazebrook, 2005). SA is a phenolic compound which 
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synthesis is triggered during PAMP and Effector triggered immunity (Mishina and Zeier, 

2007). Downstream effects of salicylic acid are mainly regulated by NON EXPRESSOR OF PR 

GENES 1 (NPR1). This NPR1 protein resides in the cytosol in a clustered form. Occasionally 

NPR1 monomers get free and move to the nucleus, but are quickly ubiquitinylated and 

degraded by the proteasome system. Only when the redox state of the cell changes under 

pathogen attack, an adequate amount of NPR1 monomers is freed from the clusters to enter 

the nucleus and activate PATHOGENESIS-RELATED GENE 1 (PR1) gene transcription (Pieterse 

et al., 2012). After initiation of the SA pathway at the infection site, a similar response is 

often activated in distal plant parts to protect undamaged tissues against subsequent 

pathogen invasion. This broad-spectrum induced resistance is long-lasting and is called 

systemic acquired resistance (Vlot et al., 2009). 

JA 

JA is synthesized rapidly via the oxylipin biosynthesis pathway starting with the release of α-

linolenic acid from membrane lipids (Gfeller et al., 2010). In Arabidopsis, the JA signaling 

pathway (Figure 1.4, Panel B) follows two known major branches: the ETHYLENE RESPONSE 

FACTOR (ERF) branch and the MYC branch. The ERF branch is associated with enhanced 

resistance to necrotrophic pathogens (Lorenzo et al., 2003) and is controlled by members of 

the APETALA2/ERF family of transcription factors, like ERF1 and OCTADECANOID-

RESPONSIVE ARABIDOPSIS59 (Pré et al., 2008). The JA-responsive marker gene PLANT 

DEFENSIN1.2 (PDF1.2) is part of this branch. The MYC branch is regulated by MYC-type 

transcription factors and is associated with wound response and the defense against insect 

herbivores (Kazan and Manners, 2012), although MYC2 also plays a role in priming for 

enhanced pathogen defense (Van der Ent et al., 2009). 



Figure 1.4: Panel A: SA signaling upon infection with biotrophic pathogens
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Panel B: JA signaling upon 
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1.3 Stomatal movement 

Perception of stress in the aerial parts of the plant (whether or not via a signal sent from the 

roots) often results in a distinct response of a very peculiar leaf structure: the stomatal pore. 

Stomatal pores (or short stomata) are located in the leaf epidermis and are formed by 

surrounding pairs of guard cells. Guard cells help the plant to survive periods of drought by 

controlling the loss of water through transpiration. They regulate uptake of CO2 from the 

atmosphere into the leaves, to be used later in photosynthetic carbon fixation. This is 

achieved through the fine-tuned control of stomatal aperture, the end result of the 

integration of many different stimuli within the guard cells. In response to light stomata will 

open, while in response to drought, ozone and high CO2 levels they will close. The plant 

hormone ABA is the main steering factor for stomatal closure. In the last decade much 

progress has been made in the elucidation of stomatal movement (Kwak et al., 2008). In this 

part, we will discuss how different stimuli can have an opening or closing effect on stomata 

and indicate if and how this is linked with the stress responses described in the previous 

paragraphs. The information in the following sections applies especially to plants that follow 

the C3 carbon fixation pathway. 

1.3.1 Cellular properties enabling stomatal movement 

Opening and closure of the stomatal pore is mechanically dependent on the turgor of the 

guard cells surrounding this pore. If the guard cells take up water from the environment 

through osmosis, they expand. Expansion however, is limited in two ways. Cellular width-

expansion is limited due to the presence of cellulose microfibrils which are deposited 

orthogonally to the guard cell elongation axis. Longitudinal expansion is limited by the 

surrounding epidermal cells. The result is that when guard cells expand, they become more 

curved and the stomatal pore is enlarged. The opposite occurs when guard cells turgor 

decreases due to vacuolar dehydration. Then the guard cells deflate and the stomatal pore 

decreases in size (Fukuda et al., 1998; Shibaoka, 1994). 

1.3.2 Ions and ion channels at the basis of stomatal movement 

Critical for understanding the molecular mechanisms of stomatal opening and closure is a 

clear view on the action of ion channels and pumps in the guard cell membranes (Figure 1.5). 

Similar to other cells, guard cells contain organic and inorganic anions and cations, which are 
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indispensible for stomatal opening and closure. The most important ions are potassium ions 

(K+), which are taken up from the apoplast and accumulate in the vacuole during stomatal 

opening (Roelfsema and Hedrich, 2005). This is only possible by a simultaneous 

accumulation of anions to balance the positive charges. The identity of the anions which are 

involved in stomatal movements are not only depending on the plant species but also the 

growth conditions (Talbott and Zeiger, 1996). Generally, chloride (Cl-), malate and nitrate are 

the most important anions in stomatal movement. 

Stomatal closure is mainly mediated by turgor reduction in the guard cell. This is caused by 

an efflux of K+ and anions (mainly Cl-) from the guard cells, combined with the removal of 

sucrose and simultaneous conversion of the organic acid malate to starch, which is 

osmotically inactive (MacRobbie, 1998). ABA provokes an increase in cytosolic calcium, 

which results in the activation of two types of membrane-localized anion channels: the slow-

activating, sustained (S-type; Schroeder and Hagiwara, 1989) and the rapid, transient (R-

type; Hedrich et al., 1990) anion channels. Both cause an anion efflux from the guard cells, 

provoking depolarization. This results in the inactivation of inward-rectifying K+ channels and 

activates outward-rectifying K+ channels inducing the efflux of K+ ions (Schroeder et al., 

1987). In addition, ABA causes an alkalization of the guard cell cytosol during stomatal 

closure (Blatt and Armstrong, 1993). This directly enhances the K+out channel activity (Blatt, 

1992; Blatt and Armstrong, 1993; Ilan et al., 1994; Miedema and Assmann, 1996), and also 

downregulates the transient R-type anion channels (Schulz-Lessdorf et al., 1996). The 

vacuoles also contain K+ ions which are first exported to the cytosol through vacuolar 

channels under impulse of Ca2+ before they are exported from the cytosol to the apoplast 

(Allen and Sanders, 1996). Recently, the anion release from the vacuole to the cytosol was 

shown to be regulated by AtALMT9, a tonoplast-localized malate-activated vacuolar chloride 

channel in Arabidopsis (de Angeli et al., 2013). The ongoing efflux of both K+ and anions from 

the guard cells through the corresponding channels results in the osmosis-driven loss of 

guard cell turgor, leading to stomatal closure as the guard cell deflates. 

The driving forces behind stomatal opening are plasma membrane proton extruding H+-

ATPases. These enzymes are able to induce K+ uptake through K+-in channels by the removal 

of H+ from the cytosol (Kwak et al., 2001). The rise in cytosolic Ca2+ in guard cells 

downregulates both K+-in channels (Schroeder and Hagiwara, 1989) and these H+-ATPases 
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(Kinoshita et al., 1995). This way, stomatal (re)opening can also be inhibited by high cytosolic 

Ca2+ concentration, driven by ABA. 

 

 

Figure 1.5: Simplified model of the guard cell ion channels functioning in stomatal opening and 

stomatal closure. Left: ABA triggers a Ca2+ influx and release from the vacuole, while simultaneously 

decreasing the cytosolic pH. This causes the activation of anion channels which results in the efflux of 

anions (mainly chloride) from the cell into the apoplast. Due to the anion efflux, a membrane 

depolarization occurs. This depolarization together with the lowered pH results in the K+ efflux via K+-

export channels. Right: Due to high ABA levels, high cytosolic levels of Ca2+ are maintained. This 

results in an inhibitory effect on K+-import channels and H+-ATPases, preventing stomatal reopening. 

From (Kwak et al., 2008). 

 

1.3.3 Light 

In Arabidopsis guard cells, phototropins PHOT1 and PHOT2 were identified as blue light 

receptors (Kinoshita et al., 2001). Blue light activates the plasma membrane H+-ATPase by 

phosphorylation, probably mediated by these phototropins (Kinoshita and Shimazaki, 1999). 

Activation of the plasma membrane H+-ATPase results in membrane hyperpolarization. 

However, this cannot be achieved without inactivation of anion channels that would 

otherwise cause membrane depolarization. It was shown by Marten et al. (2007) that blue 

light also inhibits the S-type anion channels. The K+ influx during light-induced stomatal 

opening was also proposed to be supported by the inward rectifying K+ channels (Schroeder 

et al., 1987). 
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1.3.4 Drought 

The dehydration response on guard cells is probably the best known signaling pathway and 

needs no extensive disquisition. The reception of drought at the root level triggers synthesis 

of ABA which is transported to the shoots but de novo synthesis in the leaf plastids is also 

possible (see section 1.2.1.2). ABA triggers the release of Ca2+ ions from the apoplast into the 

cytosol of the stomatal guard cells, which causes the cascade of ion exchanges resulting 

ultimately in stomatal closure as described in Section 1.3.2. 

1.3.5 Pathogen response 

Plants also use the guard cells to respond to other dangers from the outside, since some 

pathogens gain entry to the plant through stomatal pores. Disease resistance is both 

negatively and positively influenced by ABA in multiple ways. The ABA synthesis and 

signaling pathway helps the plant to respond to the threat of pathogen invasion by closing 

the stomata (Williams, 2012). As described in Section 1.2.2, some pathogens have evolved 

mechanisms (effectors) to interfere with the defense responses of the plant. For instance, 

some bacteria have acquired the ability to synthesize the phytotoxin coronatine (Melotto et 

al., 2008). This compound interferes antagonistically with the ABA induced closing response 

to pathogen invasion by causing the stomata to reopen. Some bacterial proteins also act 

upon the guard cell H+-ATPase that must be downregulated to obtain stomatal closure. It 

was demonstrated that mutant plants with enhanced H+-ATPase activity, have ABA-

insensitive stomata and are more vulnerable to pathogen invasion (Williams, 2012) 

In contrast to these beneficial roles of ABA in the early stages of pathogen attack, it seems 

that in the later stages ABA is no longer helping the plant in defense. Some pathogens, such 

as Pseudomonas syringae, are able to manipulate the ABA synthesis and signaling pathways 

to their own advantage (de Torres-Zabala et al., 2007). This is probably due to the fact that 

ABA negatively interacts with other hormones involved in defense signaling. When the plant 

is confronted with the choice whether to direct its resources to abiotic or biotic stress 

responses, it will mostly give priority to the abiotic stress. Plants under drought stress are 

more vulnerable to pathogen invasion, not only because of their weakened physiological 

state, but also due to the high ABA levels which are responsible for specific downregulation 

of some defense responses. 
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1.3.6 EUL lectins and stomatal movement 

Calcium-dependent protein kinases (CPKs) are essential for stomatal movement. These 

proteins are Ca2+ sensors that contain an intrinsic Ca2+-activation domain with four EF hand 

Ca2+-binding sites. Calcium-dependent protein kinase 6 (CDPK6, also called CPK3) is one of 

these CPKs. It is expressed in both guard cells and mesophyll cells and functions in guard cell 

ion channel regulation. It was shown that CPK3 acts downstream of the ABA and Ca2+ signal 

to activate the slow-type anion channels and plasma membrane Ca2+-permeable channels in 

stomatal closing (Mori et al., 2006). 

Berendzen et al. (2012) performed a protein interaction screening for this CPK3 using a 

combination of Bimolecular Fluorescence Complementation and Flow cytometry. From their 

results it was concluded that ArathEULS3 physically interacts with CPK3. This interesting 

result provided a first link between guard cell signaling during stomatal movement and EUL 

lectins. 

 

1.4 Lectin receptor-like kinases 

One group of chimeric lectins which has drawn a great deal of attention from the scientific 

community in recent years is the class of lectin receptor-like kinases (LecRLKs). Described as 

the “knights in action” (Vaid et al., 2013), these lectins have been associated with critical 

pathways in stress reception and sugar signaling in defense of the plant against both biotic 

and abiotic stresses. Typically, LecLRKs are two-domain proteins with an N-terminal lectin 

domain and a C-terminal cytosolic domain predicted to be a Ser/Thr kinase domain, 

separated by a membrane spanning domain. This enables them to pass on an extracellular 

message to the intracellular environment (Vaid et al., 2013). 

1.4.1 Types of LecRLKs 

LecRLKs are typically membrane spanning proteins with a cytosolic, transmembrane and 

apoplastic/extracellular part. The lectin domain is the extracellular part of the LecRLKs. 

Based on the lectin domain identity, LecRLKs can be divided into four subclasses: L-type, G-

type, C-type and LysM LecRLKs. Structurally and phylogenetically, these subclasses are very 
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different, though the carbohydrate-binding domain is a common feature for all of them 

(Bouwmeester and Govers, 2009; Vaid et al., 2012). 

The L-type LecRLKs received their name based on the presence of a legume-lectin-like 

extracellular domain with amino acid sequence similarity to the legume lectin domain. 

Three-dimensional structures and carbohydrate-binding activities have been revealed for 

many legume lectins. Because of the sequence similarities to these legume lectins, it was 

hypothesized that the possible ligands of these L-type LecRLKs are also oligosaccharides 

(André et al., 2005). However, the binding of monosaccharides is unlikely due to poor 

conservation of the residues important for binding of the sugar. It is possible though, that L-

type LecRLK recognize small hydrophobic molecules such as plant hormones or MAMPs 

(Barre et al., 2002; André et al., 2005).  

The G-type subclass of LecRLKs have an extracellular domain which resembles the Galanthus 

nivalis agglutinin (Van Damme et al., 2007), a lectin that shows affinity towards α-D mannose 

(Hester et al., 1995; Shiu and Bleecker, 2001), but it is currently unknown whether this 

sugar-binding domain indeed participates in ligand binding in vivo. 

C-type LecRLKs are calcium-dependent carbohydrate-binding proteins, which have been well 

documented in mammalian systems as being involved in self-/non-self recognition in innate 

immune responses (Epstein et al., 1996; Hawgood et al., 2001), but thus far only one C-type 

LecRLK has been identified in both rice and Arabidopsis (Vaid et al., 2012). No role has been 

attributed to C-type lectins in plants to this date. 

LysM LecRLKs contain one or more lysine motifs in their extracellular domain. LysM is a 42-

48 amino acids polypeptide which was first described in bacteria where it was shown to bind 

cell wall peptidoglycan composed of alternating β-1,4-linked N-acetylglucosamine and N-

acetylmuramic acid residues (Bateman and Bycroft, 2000). LysM LecRLKs, in which the LysM 

domain is associated to a kinase domain, have only been reported in plants (Zhang et al., 

2007). These LecRLKs have been shown to play are role in chitin perception in Arabidopsis 

(Miya et al., 2007; Wan et al., 2008) and rice (Shimizu et al., 2010). 
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1.4.2 Role of LecRLKs in stress 

It has been proposed that LecRLKs could be involved in sugar signal recognition and 

transduction (Navarro- Gochicoa et al., 2003). Even though the function of LecRLKs has not 

been studied widely, initial reports suggested that these proteins can play essential roles in 

plant development, stress responses and microbial interactions (Figure 1.6). However, most 

of these reports were based on expression studies only, which limits the conclusions until 

these hypotheses can be validated experimentally (Vaid et al., 2013). 

1.4.2.1 Abiotic stress 

Research related to the involvement of LecRLKs in abiotic stress is scarce, but publicly 

available expression data indicated a differential gene expression upon various abiotic 

stresses such as salinity and drought (Vaid et al., 2012). He et al. (2004) showed that the 

LecRK-1.3 (AtLecRK2; At3g45410) gene was differentially upregulated during salt stress. 

Deng et al. (2009) reported that the osmotically upregulated LecRK-V.1 (At1g70110), 

conferred salt stress tolerance when overexpressed in Arabidopsis plants, improving among 

others pigment content and germination rate. Huang et al. (2013) provided evidence that 

the L-type LecRLK regulated the salt response. 

1.4.2.2 Biotic stress 

The predominant hypothesis for LecRLKs is that they are involved in biotic stress tolerance. 

Multiple LecRLKs provide resistance to plant pathogens when overexpression lines are 

created. In rice, the G-type LecRLK Pi-d2 confers resistance against the plant pathogenic 

fungus Magnaporthe grisea (Chen et al., 2006). In Arabidopsis, LecRK-VI.2 is involved in a 

priming reaction induced by B-aminobutyric acid and confers resistance against the 

hemibiotrophic bacterium Pseudomonas syringae and necrotrophic bacterium 

Pectobacterium carotovorum (Singh et al., 2012). The chitin-binding LysM LecRLK LYK4 was 

shown to be involved in plant innate immunity since mutation of the gene affected plant 

susceptibility to both fungal and bacterial pathogen invasion (Wan et al., 2012). 

A link between LecRLKs and stomatal movement was also reported. Although pathogen-

induced stomatal closure is a useful defense mechanism to limit the entry of the pathogen, it 

also limits the CO2 uptake and thus in the long run negatively affects plant growth. The 



Chapter 1: Introduction 

21 

Arabidopsis LecRK-V.5 was demonstrated to reopen stomata after bacterial infection and to 

prevent CO2 starvation (Desclos-Theveniau et al., 2012).  

It has been proposed that LecRLKs could mediate cell wall-plasma membrane connections, a 

function which has been proven for other RLKs such as WAK (wall-associated kinase) and 

PERK (proline-rich extension-like receptor protein kinase) (Bouwmeester and Govers, 2009). 

The continuity between cell wall and plasma membrane is essential for plant defense against 

biotrophic pathogens (Bouwmeester et al., 2011).  

1.4.2.3 Hormonal responses 

The role of many LecRLK subfamilies in regulating ABA signaling has been studied. LecRK-V.1 

and LecRK-VI subfamilies have been implicated in negative regulation of ABA signaling during 

germination (Deng et al., 2009b; Xin et al., 2009, respectively). As mentioned before, LecRK-

V.5 has been reported to negatively regulate ABA-mediated stomatal responses (Desclos-

Theveniau et al., 2012). 
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Figure 1.6: Hypothetical model of the mode of action of LecRLKs. LecRLK possibly function as cell 

wall–plasma membrane linker. After perceiving extracellular signals, LecRLKs oligomerize and 

undergo auto- and transphosphorylation. This leads to the phosphorylation of intermediate proteins. 

These proteins can either continue the phosphorylation cascade, modulate hormonal pathways or 

activate transcription factors which ultimately leads to the activation of stress-responsive or 
developmental signal-responsive genes. Dotted lines represent hypothetical/unknown pathways. 

From (Vaid et al., 2013).  
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1.5 Established and emerging routes of protein secretion 

As mentioned in the previous section, stress signals usually originate from outside the cell 

after which they are recognized by receptor proteins that reside at the cell surface or 

outside the cell. In plant cells, the extracellular region is defined as the space outside the 

plasma membrane and thus also includes the apoplast and the cell wall. When proteins are 

needed outside the cell, in most cases they are transported out of the cell by a process called 

secretion. In the conventional sense, this process takes place as part of protein synthesis and 

is mediated by signal sequences which assure direction of the protein to the desired 

destination. 

“From a biochemical point of view, secreted proteins or peptides have an N-terminal signal 

peptide (SP), but neither a transmembrane domain (except for one within the first 40 

residues) nor a GPI-anchor and any targeting signal to other organelles.” (Agrawal et al., 

2010). 

However, in the last few years evidence has been accumulating that organisms are capable 

of circumventing this dogma in protein biochemistry in the sense that they can secrete 

proteins or peptides in a so-called “unconventional” way. Unconventional protein secretion 

comprises the secretion of proteins or peptides without an N-terminal signal peptide (also 

known as leaderless secretory proteins), thus bypassing the Endoplasmic Reticulum->Golgi-

>trans-Golgi network (Krause et al., 2013). It has been hypothesized that in contrast to other 

organisms, plants would make massive use of this unconventional secretion mechanism of 

proteins and peptides, accounting for more than 50% of the plant secreted proteins 

(Agrawal et al., 2009). 

Before addressing the issue of unconventional secretion into further detail, a short overview 

will be given on the essentials of conventional secretion. 

1.5.1 Conventional protein secretion 

Once soluble proteins with an N-terminal signal peptide are translated, they are directed to 

the Endoplasmic Reticulum (ER) lumen. The signal peptide is cleaved off co-translationally 

and during translation the protein is folded in the proper three-dimensional conformation 

(Matheson et al., 2006). Next, vesicles will transport the protein, destined for secretion, 
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from the ER to the Golgi apparatus. During post-Golgi trafficking, secretory vesicles undergo 

budding off the Trans-Golgi Network and fuse with the plasma membrane to release their 

contents into the extracellular space (Surpin and Raikhel, 2004). The formation of vesicles 

needs coat proteins such as clathrin and COPII (Lee et al., 2009; Kirchhausen, 2000; Nickel et 

al., 2002). COPII-coated vesicles are responsible for transport from the ER to the Golgi, while 

clathrin-coated vesicles provide transport from Golgi to plasma membrane mediated by an 

ADP-ribosylation factor (ARF). The vesicles can only be targeted and fused correctly by 

means of Rab GTPases and tethering factors, Soluble NSF Attachment protein REceptors 

(SNARE) and their regulators (Sztul and Lupashin, 2009; Cai et al., 2007). The Endosomal 

Sorting Complexes Required for Transport (ESCRT) are needed for intraluminal budding of 

vesicles into multivesicular bodies in vesicle formation away from the cytosol (Hurley and 

Hanson, 2011). 

1.5.2 Unconventional protein secretion in plants 

As mentioned before, leaderless secreted proteins (LSPs) have no known signal peptide, but 

there is another feature that sets them apart. The fungal toxin brefeldin A is able to 

indirectly inhibit protein transport from the ER to the Golgi apparatus by preventing 

formation of COPII-mediated transport vesicles (Pelham, 1991). However, secretion of LSPs 

is not affected by brefeldin A since they skip the Golgi on the route to the plasma 

membrane. It has to be taken into account though, that this is only true in plant species in 

which the targeted secretory ADP-ribosylation factor-guanidine exchange factors (ARF-GEFs) 

are sensitive to brefeldin A. In Arabidopsis for instance, this is not the case since the relevant 

ARF-GEFs are resistant to brefeldin A (Richter et al., 2007; Teh and Moore, 2007). 

Contrary to the classically secreted proteins, LSPs are normally not glycosylated (Regente et 

al., 2009). Even though many animal LSPs have been well studied, only very few of these 

reported/predicted LSPs in plants have been well characterized. Amongst them are the SA-

induced, Golgi-independent secreted, celery mannitol dehydrogenase in tobacco (Cheng et 

al., 2009; Cheng and Williamson, 2010) and the hygromycin phosphotransferase in A. 

thaliana (Miki and McHugh). The sunflower (Helianthus annuus) jacalin-related lectin Helja 

was recently described to be unconventionally secreted in sunflower seedlings (Pinedo et al., 

2012). 
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1.5.3 Pathways for unconventional secretion 

LSPs are known to be secreted in either non-vesicular or vesicular fashion. Non-vesicular 

indicates that the soluble protein is transported directly from the cytosol across the plasma 

membrane (with or without the help from a transporter). Vesicular refers to membrane 

bound structures fusing with or being released from the plasma membrane. The latter 

pathway can be followed by both membrane-bound and soluble cytosolic proteins (Krause et 

al., 2013). 

The fibroblast growth factor 2 in mammals (Schafer et al., 2004) and the mating factor MATα 

in yeast (McGrath and Varshavsky, 1989) have been shown to follow the non-vesicular 

secretion route. However, this route of unconventional secretion has not been reported in 

plants. 

The route of vesicular secretion has been reported in yeast and animals and involves 

different endomembrane compartments and mechanisms (reviewed in Ding et al., 2012; 

Mathivanan et al., 2010; Nickel and Rabouille, 2009). These are 1: Golgi-independent 

vesicles, 2: lysosome fusion with the PM, 3: microvesicle shedding, 4: exosomes (when 

multivesicular bodies fuse with the plasma membrane release intraluminal vesicles), 5: 

fusion of autophagosomes and multivesicular bodies leading to amphisomes and subsequent 

fusion with the PM. Only three of these endomembrane compartments have been 

implicated in unconventional secretion so far in plants: exosomes, vacuole-PM fusion and 

exocyst-positive organelles (EXPO) (Krause et al., 2013). These pathways will be discussed in 

more detail below. A schematic drawing of the unconventional protein secretion pathways is 

shown in Figure 1.7. 

1.5.3.1 Exosomes  

When multivesicular bodies fuse with the plasma membrane, a release of the intraluminal 

vesicles into the apoplast occurs, a mechanism which is comparable to exosomes in animals. 

Supporting evidence for this mechanism can be found in two plasma membrane-localized 

SNAREs: PEN1 and SNAP33 which are localized to the trans-Golgi network when their 

cytoplasmic domains are fluorescently labeled (Krause et al., 2013). 
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1.5.3.2 Vacuole-PM fusion 

The fact that the vacuole could also be involved in unconventional secretion was observed 

when plant pathogenic bacteria induced the release of vacuolar enzymes into the apoplast 

that lysed both bacteria and plant cells resulting in programmed cell death (Hatsugai and 

Hara-Nishimura, 2010). In this case, only the last step in the process can be considered as 

unconventional protein secretion because the vacuolar content was first delivered by 

conventional secretion. 

1.5.3.3 Exocyst-positive organelles (EXPO) 

The novel exocyst-positive organelle (EXPO) was first described in Arabidopsis and tobacco 

BY-2 suspension cell cultures (Wang et al., 2010). Later, EXPOs have also been reported in 

pollen grains, root hairs and root tips. Even though its origin remains unclear, it was proven 

that this organelle truly differs from the Golgi, trans-Golgi network or multivesicular bodies 

since it shows no co-localization with these endomembrane compartments and organelles. It 

is considered to be an unconventional secretion or endocytosis organelle since it is 

insensitive to drugs such as brefeldin A and wortmannin, an inhibitor of receptor-mediated 

endocytosis (Wymann et al., 1996). EXPO is a mobile organelle, surrounded by a double 

membrane and therefore similar to an autophagosome. However, it differs from 

autophagosomes since it is not induced by starvation and does not fuse with lytic 

compartments or endosomes, nor does it co-localize with the autophagosome marker Atg8e 

(Contento et al., 2005). 
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Figure 1.7: Overview of the unconventional protein secretion pathways reported in plants. 1) 

Exosome pathway 2) Vacuole PM fusion 3) EXPO pathway. CW: Cell wall, PM: plasma membrane 

Taken from (Ding et al., 2012). 

 

1.5.4 Role of unconventional secretion in plant stress 

Unconventional protein secretion has been hypothesized to be involved in plant defense 

against both abiotic and biotic stresses (Cheng et al., 2009a). Indeed, the majority of the 

identified LSPs in plants are involved in stress or pathogen responses with an emphasis on 

defense (Agrawal et al., 2010). The extracellular space is the first line of defense against 

biotic and abiotic stresses. Therefore the release of secreted stress-responsive proteins into 

the extracellular space has to be fast to enable an effective counteraction against these 

stresses. LSPs should thus be exported rapidly into the extracellular space and preferably in 

high quantities to immediately perform their actions in the extracellular space. This idea was 

supported when Cheng et al. (2009b) demonstrated quantitatively that in the early stage of 

SA stress on Arabidopsis suspension cells, a high number of LSPs are secreted into the 

extracellular space. The level of these highly SA responsive LSPs dropped rapidly as the time 
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post-treatment increased. This reduced secretion of LSPs agrees with the rapidly decreasing 

stress effect of SA on the cells post treatment. 

Since other quantitative studies also revealed that LSPs are identified with higher 

frequencies under biotic and abiotic stress than under unstressed conditions (Oh et al., 

2005; Kaffarnik et al., 2009; Kim et al., 2009), it seems likely that plants have developed 

unconventional protein secretion mechanisms as a fast and efficient strategy to react to 

biotic and abiotic stresses. 

Our understanding of unconventional protein secretion and LSPs in plants is still very limited, 

and it appears that plants have many exciting secrets in this regard for us to be discovered in 

the future.  
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2.1 Abstract  

The Euonymus lectin (EUL) domain was recognized as the structural motif for a novel class of 

putative carbohydrate binding proteins. Confocal microscopy demonstrated that the lectin 

from Euonymus europaeus (EEA) as well as the EUL protein from Arabidopsis thaliana 

(ArathEULS3) are located in the nucleocytoplasmic compartment of the plant cell. 

ArathEULS3 as well as its EUL domain were successfully expressed in Pichia pastoris and 

purified. The EUL domain from Arabidopsis interacts with glycan structures containing Lewis 

Y, Lewis X and lactosamine motifs, indicating that it can be considered a true lectin domain. 

Despite the high sequence identity between the EUL domains in EEA and ArathEULS3, both 

domains recognize different carbohydrate structures.  

 

2.2 Introduction 

In recent years evidence is accumulating that plants subjected to specific abiotic or biotic 

stimuli respond by the expression of low amounts of a new class of plant lectins, now 

referred to as the group of inducible plant lectins (Van Damme et al., 2004b; Lannoo and Van 

Damme, 2010). In 2008 the molecular cloning of the Euonymus europaeus agglutinin (EEA) 

from spindle tree led to the discovery of a new family of lectins (Fouquaert et al., 2008). 

Since then the Euonymus lectin domain (EUL) is considered the structural unit of a novel 

family of putative carbohydrate-binding proteins.  

An extensive screening of publicly accessible genome databases revealed that the EUL 

domain is widespread among green plants (Fouquaert et al., 2008). Furthermore some 

sequences consist of a single EUL domain linked to an unrelated N-terminal domain whereas 

others comprise two in tandem arrayed EUL domains. Based on the overall domain 

architecture of EUL proteins a classification system for this protein family was proposed 

(Fouquaert et al., 2009). Only EEA was shown to exhibit carbohydrate binding activity but 

until now there are no reports that prove the lectin activity of the other EUL proteins. 

Transcriptome analyses revealed that the production of EUL proteins is upregulated under 

stress conditions (Fouquaert et al., 2009, Moons et al., 1997; Riccardi et al., 2004; Carpentier 

et al., 2007). The S3 type of EUL proteins containing an N-terminal domain (> 100 amino 
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acids) linked to an EUL domain was shown to be expressed in most if not all Viridiplantae, 

suggesting an important role for this type of proteins.  

Unfortunately the identification and characterization of the stress-inducible EUL lectins is 

hampered by their very low expression levels. In an attempt to study the biological 

properties of the S3 type of EUL protein from Arabidopsis thaliana (ArathEULS3) the 

localisation of the protein was studied in plant cells. Furthermore the recombinant protein 

was expressed in Pichia pastoris and purified. Analyses were done both with the full length 

protein as well as with the EUL domain only. Our results show for the first time that 

ArathEULS3 and its EUL domain possess carbohydrate-binding activity and hence can be 

considered as lectins. 

 

2.3 Materials and methods 

2.3.1 Plant material and growth conditions 

An Arabidopsis thaliana PSB-D cell suspension culture ecotype Landsberg erecta was 

obtained from the department of Plant Systems Biology (Vlaams Instituut voor 

Biotechnologie, Zwijnaarde, Belgium). The cells were maintained on a 7 day culture cycle by 

adding 10 ml of the cell culture to 90 ml of medium containing 4.43 g/liter Murashige-Skoog 

Basal salts with minimal organics (Sigma-Aldrich), 30 g/liter sucrose, 0.5 mg/liter α-

naphthaleneacetic acid, 0.05 mg/liter kinetin, pH 5.7. The cells were grown on a rotary 

shaker (150 rpm) at 25°C in the dark. Tobacco BY-2 suspension cells were cultured as 

described in Fouquaert et al. (2007).  

 

2.3.2  Construction of expression vectors 

A full length cDNA clone corresponding to At2g39050 (EULS3 of Arabidopsis thaliana) was 

ordered from the Experimental Plant Division group within the Department of Biological 

Systems of the BioResource Center of the RIKEN Tsukuba Institute (Ibaraki, Japan) (Seki et 

al., 1998; Seki et al., 2002). Vectors for expression of EEA and ArathEULS3 linked to EGFP 

were constructed using the GatewayTM technology of Invitrogen (Carlsbad, CA, USA). The 
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coding sequence of EEA was amplified as an attB PCR product using the cDNA clone LECEEA 

as a template (Accession number EF990656, Fouquaert et al., 2008). The entire coding 

sequence of ArathEULS3 was amplified using the forward primer ArathEULS3Full-F and the 

reverse primer ArathEULS3Full-R with or without stop codon in case of C-terminal or N-

terminal fusion to EGFP, respectively (Supplemental Table 1). To obtain attB PCR products an 

extension PCR was performed using ArathEULS3 gene-specific primers for the first PCR 

reactions and primers AttBFull-F and AttBFull-R for the second PCR reactions. Cycling 

parameters for the first PCR reaction were as follows: 5 min 94°C, 25 cycles (15 sec 94°C, 30 

sec 50°C, 1 min 72°C), 5 min 72°C. The amplified fragments were cloned in the pDONR221 

vector (Invitrogen) by a BP clonase reaction. After sequencing of the entry clones, 

subsequent LR reactions were performed with the pK7WGF2 and the pK7FWG2 destination 

vectors (Karimi et al., 2002) to fuse the EUL sequence C-terminally or N-terminally to EGFP, 

respectively. 

 

2.3.3  Expression analyses  

Tobacco BY-2 cells were transiently transformed with EGFP-fusion constructs using particle 

bombardment as described by Fouquaert et al. (2007).  

For stable transformation a two-day old Arabidopsis cell culture was cocultivated with A. 

tumefaciens cells harbouring the expression vector as described by Van Leene et al. (2007). 

Seven days after subculturing plant cells were harvested and proteins extracted. The protein 

content was estimated using the Bio-Rad Protein Assay, based on the Bradford (1976) dye-

binding procedure using bovine serum albumin (BSA) as a standard. SDS-PAGE on 15% 

polyacrylamide gels was performed under reducing conditions as described by Laemmli 

(1970). For Western blot analysis, samples separated by SDS-PAGE were electrotransferred 

to 0.45 µm polyvinylidene fluoride (PVDF) membranes (BiotraceTM PVDF, PALL, Gelman 

Laboratory, USA). After blocking the membranes in Tris-Buffered Saline (TBS: 10 mM Tris, 

150 mM NaCl and 0.1% (v/v) Triton X-100, pH 7.6) containing 5% (w/v) BSA, blots were 

incubated for 1 h with a rabbit polyclonal anti-EUL antibody (raised by Thermo Scientific 

(Rockford, IL USA) against the EUL domain of ArathEULS3), diluted 1/500 in TBS. The 

secondary antibody was a 1/1000 diluted goat anti-rabbit IgG labelled with horseradish 
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peroxidase (Dako Cytomation, Glostrup, Denmark). Immunodetection was achieved by a 

colorimetric detection using 3,3’-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St. 

Louis Missouri, USA) as a substrate. 

 

2.3.4  Confocal microscopy 

Image acquisition was carried out with a Nikon C1 confocal microscope mounted on an 

inverted TE2000 Eclipse epifluorescence body (Nikon Instruments, Badhoevedorp, The 

Netherlands) using a 60x Plan Apo objective lens (NA of 0.95). EGFP was excited with a 488 

nm line of an argon ion laser and emission light was selected with a HQ 515/30 nm filter. 

Images were analyzed with ImageJ (http://rsb.info.nih.gov/ij). 

 

2.3.5 Construction of the polyhistidine fusion vector and expression in Pichia pastoris 

The EasySelect Pichia Expression Kit from Invitrogen was used to clone and express 

ArathEULS3 in the Pichia pastoris strain KM71H (Invitrogen, Carlsbad, CA USA). The full 

ArathEULS3 sequence was amplified by PCR using the forward primer ArathEULS3Full_P-F 

and reverse primer ArathEULS3Full_P-R. Amplification of the EUL domain alone was 

achieved with forward primer Arath_EULdom_P-F and reverse primer Arath_EULdom_P-R 

(Supplemental Table 1). Amplification conditions were as follows: 2 min at 94°C, 25 cycles 

(15 sec 94°C, 30 sec 55°C, 1 min 72°C), 5 min 72°C. The amplification was carried out in a 25 

µl reaction volume, containing 40 ng DNA template using Pfx DNA polymerase. The PCR 

products were digested with EcoRI and XbaI, and cloned into the E. coli/P. pastoris shuttle 

vector pPICZB, containing a polyhistidine tag downstream from the multiple cloning site. The 

shuttle vectors were transformed into E. coli TOP 10 cells using heat shock transformation 

and transformants were selected on LB agar plates containing 25 µg/ml zeocin. Plasmids 

were purified using the E.Z.N.A. Plasmid Mini kit I (Omega Bio-Tek, Georgia, USA) according 

to the manufacturer’s instructions. The complete coding sequence of the insert was verified 

by nucleotide sequence analysis using 5’ AOX1 and 3’ AOX1 vector-specific forward primer 

AOX1-F and reverse primer AOX1-R respectively (Supplemental Table 1) (LGC Genomics 

GmbH, Berlin, Germany). Plasmid DNA from transformed E. coli was linearized using the SacI 
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restriction enzyme (Fermentas, Sankt Leon-Rot, Germany) overnight at 37°C. Approximately 

10 µg of the linearized DNA was transformed into Pichia strain KM-71H cells by 

electroporation (Bio-Rad, Hercules, CA, USA) with following pulse settings: 25 µF, 1.5 kV, 200 

Ω. Transformants were selected for zeocin resistance on YPDS (1% yeast extract, 2% 

peptone, 2% dextrose, 1 M sorbitol, 2% agar, 100 µg/ml zeocin) plates. 

 

2.3.6 Production and purification of the recombinant ArathEULS3 lectin and the EULS3 

domain in P. pastoris 

Expression of the full length ArathEULS3 and the EUL domain in P. pastoris was performed as 

described by Al Atalah et al. (2011). The recombinant proteins were purified from pelleted 

cells extracted in 20 mM 1,3 diaminopropane with addition of acid washed glass beads (ø 

250-500 µm). All supernatants were collected and the pH was set at 10 before loading on the 

Q Fast Flow column equilibrated in 20 mM 1,3 diaminopropane. After washing the column 

was eluted with 0.1 M Tris-HCl pH 7.6 containing 0.5 M NaCl. The eluted samples were 

pooled and imidazole (IZ) was added to a final concentration of 25 mM before loading on an 

nickel Sepharose column. After washing with washing buffer (0.1 M Tris-HCl pH 7.6 

containing 0.5 M NaCl and 25 mM IZ) a stepwise elution of the column was performed using 

0.1 M Tris-HCl pH 7.6 and 0.5 M NaCl, with increasing IZ concentrations ranging from 50 to 

250 mM IZ. The eluted fractions were analyzed with SDS-PAGE and Western Blot. Fractions 

considered to be pure were pooled and concentrated on a Q Fast Flow column using the 

same methodology as described above. 

 

2.3.7 Molecular mass determination 

The molecular mass of the recombinant proteins was experimentally determined with a gel 

filtration using a Superose 20 column (attached to an AKTA FPLC system, Amersham) in PBS 

containing 0.1 M galactose at a flow rate of 0.5 ml/min, and compared to a set of molecular 

mass standards ranging from 12.6 to 240 kDa. 
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2.3.8 Glycan array screening 

The microarrays are printed as described previously (Blixt et al., 2004) and version 4.2 with 

511 glycan targets was used for the analyses reported here (https://www.functional 

glycomics.org/static/consortium/resources/resourcecoreh8.shtml). 

Analyses were performed as described by Al Atalah et al. (2011). 

 

2.4 Results 

2.4.1 The EUL domain within ArathEULS3 shows high sequence similarity to EEA 

Sequence alignment on the cDNA sequences encoding ArathEULS3 and EEA revealed that 

ArathEULS3 is a chimeric protein containing a C-terminal 154 amino acid EUL domain with 

45% sequence identity and 74% sequence similarity to the EUL domain of EEA (Figure 2.1). 

BlastP analyses with the sequence of the N-terminal domain of ArathEULS3 did not show 

homology to any known protein. 

 

Figure 2.1: Sequence comparison between the Euonymus lectin (EEA) and the Arabidopsis EUL 

protein (ArathEULS3) using ClustalW. The ArathEULS3 sequence consists of an N-terminal domain 

absent from EEA (shown in purple) and a C-terminal domain homologous to EEA (shown in orange). 

Identical residues are indicated by asterisks whereas homologous residues are shown by dashes. The 
N-terminal amino acid sequences determined for the recombinant ArathEULS3 and EUL domain 

purified from Pichia are underlined. 

 
ArathEULS3  MEHHHQHHRHHQRDDGEDDRQSFGVPPPHVDAPPQPHGLYQSQPHFDPYA 50 
EEA   -------------------------------------------------- 
                                                                         
 
ArathEULS3  PTPQAPAPYRSETQFEPHAPPPYRSEPYFETPAPPPSFGHVSHVGHQSPN 100 
EEA   -------------------------------------------------- 
                                                                         
 
ArathEULS3  ESYPPEHHRYGGYQQPSNSLLESHGDHSGVTHVAHHSSNQPQSSSGVYHK 150 
EEA   -------------------------------------------------- 
                                                 
 
ArathEULS3  PDENRLPDNLAGLAGRATVKVYSKAEPNYNLTIRDGKVILAPADPSDEAQ 200 
EEA   -------MASTIIATGPTYRVYCRAAPNYNMTVGKGVAFLAPIDETNELQ 43 
                    * :**.:* ****:*: .* .:*** * ::* * 
 
ArathEULS3  HWYKDEKYSTKVKDADGHPCFALVNKATGEAMKHSVGATHPVHLIRYVPD 250 
EEA   YWYKDDTYS-YIKDEAGLPAFSLVNKATGLTLKHSNHHPVPVKLVTYNPN 92 
   :****:.**  :**  * *.*:******* ::***   . **:*: * *: 
 
ArathEULS3  KLDESVLWTESKDFGDGYRTIRMVNNTRLNVDAYHGDSKSGGVRDGTTIV 300 
EEA   VVDESVLWSQADDRGDGYSAIRSLTNPASHLEAAPLNDWS---YNGAIIM 139 
    :******:::.* **** :** :.*.  :::*   :. *    :*: *: 
 
ArathEULS3  LWDWNKGDNQLWKIFPF--     317 
EEA   GGVWIDAYNQQWKIEPHTG     158 
      * .. ** *** *.    
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2.4.2 The Euonymus europaeus agglutinin and ArathEULS3 are nucleocytoplasmic 

proteins 

Analysis of the amino acid sequences of EEA and ArathEULS3 using the SignalP tool did not 

show the presence of a signal peptide, indicating that these EUL proteins are synthesized on 

free ribosomes. Using the PSORT database, no nuclear localization sequence (NLS) or other 

targeting sequences could be retrieved.  

To investigate the subcellular location of the proteins the sequences were fused to EGFP and 

expressed in plant cells. Analysis by confocal microscopy demonstrated that the EGFP-EEA 

fusion protein is located in the cytoplasm and the nucleus in tobacco BY-2 cells at different 

time points after transformation, but seems to be absent from the nucleolar 

subcompartment (Figure 2.2A). Very similar results were obtained for fusion constructs of 

EGFP-ArathEULS3, transiently expressed in BY-2 cells. Approximately 68 hours after particle 

bombardment, EGFP-ArathEULS3 is present in the entire nucleus whereas at earlier time 

points the nucleolus is devoid of fluorescent signal. The C-terminally EGFP-tagged 

ArathEULS3 was present in the cytoplasm and the nucleus of BY-2 transformed cells, also 

including the nucleolus at all time points analyzed. Intriguingly, in stably transformed 

Arabidopsis cells, the same EGFP-fusion constructs of ArathEULS3 showed a cytoplasmic 

localization and also accumulated in the nucleolus but were absent from the rest of the 

nucleus. 

Western blot analysis was performed on crude protein extracts of the transformed 

Arabidopsis cell lines as well as on the wild type cells to check the integrity of the fusion 

protein (Figure 2.2B). An immunoreactive band of approximately 70 kDa was clearly 

detected in the cells transformed with ArathEULS3-EGFP using polyclonal anti-EUL 

antibodies. However, a much weaker immunoreactive band was detected for the N-terminal 

fusion construct, possibly due to different protein stability in the extraction buffer. No signal 

was detected for non-transformed cells. A positive control of the full length ArathEULS3, C-

terminally tagged to a GS-tag (Van Leene et al., 2007) showed a very strong band at the 

expected size. Taking into account that the calculated molecular mass of the ArathEULS3 

protein is approximately 36 kDa and EGFP has a size of 27 kDa it can be concluded that the 

ArathEULS3-GFP construct expressed in the plant cell is expressed as an intact fusion 

protein. 
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Figure 2.2: A Confocal images of transiently transformed tobacco BY-2 cells and stably transformed Arabidopsis PSB-D cells expressing EGFP-EEA, EGFP-

ArathEULS3 and ArathEULS3-EGFP. Scale bars represent 25 µm. Cell compartments: n, nucleolus; N, nucleus; m, cell membrane; c, cytoplasm; v, vacuole. B 

Western blot analysis of crude protein extracts from Arabidopsis thaliana cells expressing ArathEULS3-EGFP (lane 1) and EGFP-ArathEULS3 (lane 2). A rabbit 

polyclonal antibody raised against the EUL domain was used as primary antibody. Approximately 50 µg of total protein was loaded in each lane. Lane M, 

PagerulerTM prestained protein ladder (Fermentas, St Leon-Rot, Germany). Lane WT, crude protein extract from non-transformed cells. Lane C was loaded 

with a GS-tagged ArathEULS3 protein (65kDa) as a positive control. 
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In contrast to EEA that is expressed at relatively high levels in the arilli of the spindle tree, 

the Arabidopsis protein is a non-abundant protein which production is upregulated under 

stress conditions (Fouquaert et al., 2009). Further elucidation of the physiological role of the 

EUL lectins inside the plant cell will require a more detailed functional study of the protein 

and its interacting partners. Therefore the protein was produced in Pichia, purified and 

characterized. 

 

2.4.3 Purification and characterization of the ArathEULS3 full length protein and the 

EULS3 domain 

Both the full ArathEULS3 protein and the EUL domain were successfully cloned into the E. 

coli/P. pastoris pPICZB shuttle vector and expressed into P. pastoris strain KM71H. 

Intracellular expression was detected using Western blot analysis with an antibody directed 

towards the His-tag present in the recombinant proteins. The recombinant His-tagged 

proteins for ArathEULS3 and the EUL domain were purified using a combination of anion 

exchange chromatography and metal affinity chromatography (Figure 2.3 A,B). On average 2 

mg recombinant protein per liter culture volume was obtained. 

The calculated molecular mass of the recombinant ArathEULS3 protein including a c-myc 

epitope and the (His)6 tag is 37.8 kDa. Upon gel filtration the ArathEULS3 protein eluted in 

two peaks corresponding to a calculated molecular mass of 77.6 kDa and 35.8 kDa, 

respectively, suggesting that the recombinant protein exists partly as a monomer but also 

forms dimers. 

N-terminal protein sequence analysis for the full recombinant ArathEULS3 protein and the 

EUL domain yielded the peptide sequences EHHHQHHVHHQD and AGRATVKVYS, 

respectively, corresponding to the N-terminus of ArathEULS3 (83% AA sequence identity) 

and the EUL domain (100% AA sequence identity).  
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Figure 2.3: A: Elution pattern of EUL domain from ArathEULS3 from Nickel-Sepharose. Full line: 

protein absorbtion measured at 280 nm. Dashed line: stepwise elution with increasing 

concentrations of IZ (50-100-175-250 mM) in Tris buffer. Triangles: number of analyzed fractions. B: 

SDS-PAGE of eluted fractions from Nickel-Sepharose. M: Prestained protein marker (Fermentas). A-I 

refer to fractions indicated in Fig. 3A. Lane J shows the purified EUL domain from ArathEULS3. 

  

2.4.4 The ArathEULS3 protein is a functional lectin 

The carbohydrate-binding capacity of the full length ArathEULS3 lectin and its putative lectin 

domain were analyzed using the glycan array technology, and compared to the carbohydrate 

binding properties of EEA. Table 2.1 gives an overview of the top 30 glycan structures that 

reacted best upon analysis of ArathEULS3.  
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Table 2.1: Overview of the top 30 glycan structures with highest reactivity on the glycan array. The most recurring structures are highlighted: Lewis Y 

structures are shown in bold, Lewis X motifs are shown in italic and lactosamine motifs are underlined. The percentage relative fluorescence units (% RFU) is 

shown for the top 30 glycans in the glycan array for ArathEULS3 and EEA. Yellow circles: galactose, blue squares: GlcNAc, red triangles: fucose. .

 

ArathEUL EEA 

Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-3GalNAcα-Sp14 100 0.03

GalNAcα1-3(Fucα1-2)Galβ1-4(Fucα1-3)GlcNAcβ1-3GalNAc-Sp14 73.6 0.05

Galβ1-4GlcNAcβ1-4(Galβ1-4GlcNAcβ1-2)Manα1-3(GlcNAcβ1-4)(Galβ1-4GlcNAcβ1-6(Galβ1-4-GlcNAcβ1-2)Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp21 67.5 0.06

Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 46.6 0.04

Galα1-3Galβ1-3GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-3GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp19 46.6 0.13

GlcNAcα1-4Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAc β-Sp0 37.2 0.06 Lewis Y 

GlcNAcβ1-3GalNAcα-Sp8 37 0.09

Galβ1-4(Fucα1-3)GlcNAcβ1-4Galβ1-4(Fucα1-3)GlcNAcβ1-4Galβ1-4(Fucα1-3)GlcNAc β-Sp0 22.7 0.02

GlcNAcβ1-3Galβ-Sp8 21.2 0.06

Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-2Manα1-6(Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-2Manα1-3)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcβ-6AA 18.9 0.08

Galβ1-4Galβ-Sp10 17 0.05

Neu5Acα2-3Galβ1-3(Neu5Acα2-6)GalNAcα-Sp14 15.8 0.04

Galβ1-4GlcNAcβ-(OCH2CH2)6NH2 15.6 0.03 Lewis X

Neu5Acα2-3-Galβ1-3(Galβ1-4(Fucα1-3)GlcNAcβ1-6)GalNAc-Sp14 14.8 0.09

Galα1-3(Fucα1-2)Galβ1-3GalNAcβ-Sp8 14.5 21.47

GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 13.2 0.05

[6OSO3](Fucα1-2)Galβ1-3[6OSO3]GlcNAcβ-Sp0 12.6 0.04

Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ-Sp8 11.8 0.08 Lactosamine

Galα1-3(Fucα1-2)Galβ1-4(Fucα1-3)GlcNAc β-Sp8 10.7 0.06

Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3GalNAcα-Sp14 10.1 0.11

Neu5Acα2-3(GalNAcβ1-4)Galβ1-4GlcNAcβ1-3GalNAcα-Sp14 9.7 0.02

Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 9.1 0.09

Galα1-3Galβ1-3(Fucα1-4)GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-3(Fucα1-4)GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Sp19 9.1 0.01

Galβ1-3(Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAc β1-6)GalNAcα-Sp14 9 0.03

Galβ1-4(Fucα1-3)GlcNAcβ1-6GalNAc-Sp14 8.4 0.07

Fucα1-2Galβ-Sp8 8.3 0.08

[3OSO3]Galβ1-4(Fucα1-3)[6OSO3]GlcNAc-Sp8 8 0.03

Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 7.7 0.07

Fucα1-2Galβ1-4GlcNAcβ1-2Manα1-3(Fucα1-2Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcβ-Sp22 7.2 0.03

Fucα1-2Galβ1-4GlcNAcβ1-2(Fucα1-2Galβ1-4GlcNAcβ1-4)Manα1-3(Fucα1-2Galβ1-4 GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 7.2 0.27

Glycan Structure 
% RFU* 

* compared for each 
experiment to glycan with 

highest signal 
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It is shown that ArathEULS3 reacts with glycans containing one or more Lewis X (Galβ1-

4(Fucα1-3)GlcNAc-), Lewis Y (Fucα1-2Galβ1-4(Fucα1-3)GlcNAc-) or lactosamine (Galβ1-

4GlcNAc-) motifs. Similar results were obtained for the recombinant protein containing only 

the EUL domain. In contrast, the glycan binding results for EEA showed affinity towards 

(Galα1-3(Fucα1-2)Galβ1-3GlcNAc-) and (Galα1-3(Fucα1-2)Galβ1-4GlcNAc-), both blood type 

B glycan structures (Fouquaert et al., 2008). 

 

2.5 Discussion 

The Euonymus europaeus agglutinin (EEA) was described as the basic structural unit of a new 

lectin family. EEA shows a strong sequence identity towards the EUL lectin domain identified 

in Arabidopsis, called ArathEULS3. In addition to the EUL lectin domain the latter protein 

contains also an unrelated N-terminal domain. At present it is unclear whether and how this 

N-terminal domain contributes to the function and biological properties of the full length 

protein. 

Microscopical analyses of EGFP-fusion proteins revealed no major differences in the 

localization patterns of EEA and ArathEULS3. Both proteins mainly localize to the cytoplasm 

and the nucleus. However, it appears that the ArathEULS3 EGFP-fusion constructs may be 

present or absent from the nucleolus depending on the EGFP-tag orientation, time and type 

of plant cells in which the localization was studied. At present, it cannot be excluded that the 

orientation of the EGFP tag influenced ArathEULS3 localization in the cell. Judging the 

change in nuclear fluorescence pattern at different time points after biolistic delivery, it 

cannot be ruled out that ArathEULS3 localization is cell-cycle dependent. 

The glycan array results support the concept that both EEA and ArathEULS3 are 

carbohydrate binding proteins, though their binding sites apparently have evolved into 

recognition of slightly different glycan structures. ArathEULS3 recognized mainly Lewis X, 

Lewis Y and lactosamine motifs, regardless the absence or presence of the unrelated N-

terminal domain, indicating that the N-terminal domain does not interfere with glycan 

binding of the protein. These glycan motifs are generally accepted to be typical for higher 

animals, and unlike Lewis A motifs, they have not yet been found in plants (Leonard, 2002; 
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Melo, 1997; Dam, 2011). Our results prove for the first time that the ArathEULS3 protein is a 

functional carbohydrate binding protein. It remains to be shown what is the biological 

significance of the recognition of these glycans by ArathEULS3 for the plant.  
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3.1 Abstract 

The family of EUL-related lectins groups all proteins with an Euonymus lectin (EUL) domain, a 

protein motif which is highly conserved throughout the plant kingdom and occurs as part of 

many chimeric proteins with different domain architectures. The S3 type EUL lectin from 

Arabidopsis thaliana (ArathEULS3) has become the model protein within this EUL family. 

Based on sequence homology to an ABA/NaCl inducible gene from rice and some publicly 

available high-throughput micro-array data, it was hypothesized that ArathEULS3 is 

transcriptionally regulated by osmotic stress responses. Here we present a detailed 

expression analysis of the ArathEULS3 lectin gene. Under normal growth conditions, 

ArathEULS3 is stably expressed throughout plant development. After ABA, NaCl but also 

methyl jasmonate (MeJA) stress treatment however, transcription is upregulated. 

Furthermore, Pseudomonas syringae infection also induced ArathEULS3 expression. In silico 

promoter and co-expression analyses suggested A. thaliana Homeobox 7 (ATHB-7) as a 

candidate transcription factor that may regulate ArathEULS3 expression. Taken together, our 

data confirm that the ArathEULS3 lectin gene indeed shows a stress-inducible expression 

pattern. We speculate on a role for ArathEULS3 in the plant stress-response, possibly in 

stomatal movement. 

 

3.2 Introduction 

After perception of changing environmental conditions, plants react through the activation 

of multiple response mechanisms including alteration of gene expression (Valdés et al., 

2012). During the last decade evidence has accumulated that plants respond to certain 

stresses such as drought, high salinity, hormone treatment, pathogen attack or insect 

herbivory by expressing specific lectin genes. Under normal growth conditions, the protein 

levels for these carbohydrate binding proteins are below the detection limits. However, after 

stress application the expression of the lectin genes is enhanced. Most of these so-called 

inducible lectins were shown to locate to the cytoplasm and the nucleus of the plant cell, 

and therefore reside in a different cell compartment compared to the classical lectins, most 

of which are constitutively expressed and accumulate in vacuoles. The fact that these 

inducible lectins can only be detected after the plant has been subjected to stress led to the 
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hypothesis that these proteins play an important role in the stress physiology of the plant 

(Van Damme et al., 2008; Lannoo and Van Damme 2010). 

At present at least six carbohydrate recognition motifs have been identified within the group 

of inducible nucleocytoplasmic plant lectins, amongst them the recently discovered 

Euonymus europaeus (spindle tree) lectin (EUL) domain (Fouquaert et al., 2008). The EUL 

family consists of all proteins that show sequence homology to the Euonymus lectin purified 

from the fleshy arils of the spindle tree. Interestingly, gene sequences with an EUL domain 

are conserved throughout the entire plant kingdom, suggesting that the corresponding 

proteins fulfill an essential role in plants. Sequence analyses revealed that several genes 

contain one or two EUL lectin domains preceded or followed by various unrelated N- or C-

terminal domains, indicating that a variety of genes have acquired this lectin domain during 

plant evolution. To deal with the complexity of the domain structures in EUL proteins 

Fouquaert et al., (2008) proposed a classification system that groups all proteins according 

to their domain architecture. Based on the presence of one-domain and two-domain EUL 

proteins and the linkage with some unrelated domains 13 types of EUL proteins can be 

distinguished. The nomenclature of the proteins is based on the plant species and also 

reflects the type of EUL protein present. For instance, the OrysaEULS2 protein originates 

from rice (Oryza sativa) and has a single EUL domain of the S2 type. 

The S3 type EUL protein consists of one single EUL domain preceded by an uncharacterized 

N-terminal protein domain, and is omnipresent in plants. Within the Arabidopsis thaliana 

genome, only one sequence with an EUL domain could be detected. Taking into account the 

model status of Arabidopsis, the fact that no functionally redundant EUL genes are present 

in this organism and given the widespread distribution of this lectin type, the S3 type EUL 

lectin gene from Arabidopsis now serves as the model EUL gene within the EUL family. It is 

further referred to as ArathEULS3. Recently, ArathEULS3 was cloned and expressed in Pichia 

pastoris and the recombinant protein was characterized. Glycan array analyses have shown 

that ArathEULS3 preferentially interacts with glycan structures containing Lewis Y, Lewis X 

and lactosamine structures, and hence can be considered a true lectin (Van Hove et al., 

2011).  
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EUL genes are generally expressed at very low levels when plants are grown under normal 

developmental conditions (Fouquaert et al., 2009). The EUL genes from rice were confirmed 

to exhibit increased expression upon environmental cues (Al Atalah et al., 2014). Recently, Li 

et al. (2014) described that ArathEULS3 expression significantly increased after drought and 

ABA treatment. Overexpression of the lectin gene also conferred drought resistance in 

transgenic Arabidopsis plants. Clearly, a more profound knowledge about the stimuli which 

provoke ArathEULS3 expression could help to learn more about the potential roles of its 

corresponding protein, since it indicates in which circumstances the plant is in need of the 

protein. In this study, the expression of ArathEULS3 was investigated in more detail. More 

evidence is provided for the stress-inducible expression of ArathEULS3 using a series of 

abiotic as well as biotic stress experiments in which ArathEULS3 gene expression was 

quantitatively analyzed using qRT-PCR. These data are complemented with an in silico 

analysis of the ArathEULS3 promoter sequence and co-expression analysis of ArathEULS3, 

contributing to the understanding of the observed expression profile. In addition, a set of 

phenotypical analyses was performed on plants overexpressing ArathEULS3 and plants with 

reduced ArathEULS3 expression. Based on literature reports and our own observations, we 

provide a hypothesis for the physiological importance of ArathEULS3 in the plant cell. 
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3.3 Materials and methods 

3.3.1 Chemical reagents 

Benzyl amino purine (BAP), gibberellic acid (GA3) and methyl jasmonate (MeJA) were 

purchased from Sigma-Aldrich (Bornem, Belgium). Abscisic acid (ABA) and Ethephon were 

obtained from Acros Organics. Salicylic acid (SA), indole acetic acid (IAA) and salt (NaCl) were 

obtained from Duchefa. Mannitol was purchased from VWR (Leuven, Belgium). Stock 

solutions of MeJA, SA, ABA, IAA and GA3 were dissolved in 100% ethanol, whereas BAP was 

dissolved in 100% DMSO (VWR). Ethephon, NaCl and mannitol were dissolved in water. 

 

3.3.2 Statistical analyses 

Statistical analyses were performed with the software package SPSS Statistics 22 (IBM 

Corporation) at a significance level of 95% (p = 0.05) as follows, unless stated otherwise. 

Normality of continuous data distribution was assessed with the Kolmogorov-Smirnov test 

and equality of variances was checked with the modified Levene test. Statistically significant 

effects of treatments for normally distributed data with equal variances were determined by 

ANOVA. To pinpoint the actual differences between groups, post-hoc tests with Bonferroni 

correction for multiple comparisons were performed to obtain a familywise error rate of 5%. 

Continuous data which were not normally distributed were subjected to the non-parametric 

Kruskal-Wallis (1-way ANOVA) to determine statistically significant effects of treatments. To 

elucidate significant differences between treatments, Mann-Whitney U tests were 

performed for pairwise comparisons, again with Bonferroni correction. Statistically 

significant differences between binomial and categorical data were determined with the chi-

square test of independence. 

 

3.3.3 Expression database searches 

Publicly available databases containing micro-array expression data of Arabidopsis genes 

were screened for information on the ArathEULS3 gene (Genbank Accession number 

NM_129462, TAIR locus number At2g39050). Searches for stress factors inducing lectin 
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expression were performed using Genevestigator (Hruz et al., 2008) and eFP-browser (BAR, 

Toronto). Co-expression analyses were performed using Genevestigator (Hruz et al., 2008), 

Expression angler (Toufighi et al., 2005) and ATTED-II v. 7.0 (Obayashi et al., 2011). 

 

3.3.4 Construction of ArathEULS3 overexpression vector 

A full length ArathEULS3 entry clone was obtained as described in Chapter 2, Section 2.3.2, 

‘Construction of expression vectors’. To obtain an ArathEULS3 overexpression construct, the 

entry clone was recombined with the destination vector pK7WG2 (Karimi et al., 2002). 

 

3.3.5 Plant materials and growth conditions 

Transgenic seeds of RNAi lines for ArathEULS3 were obtained from the Nottingham 

Arabidopsis stock centre (NASC). These lines stably overexpress a tandemly arranged gene-

specific sequence (randomly inserted in the plant genome) which gives rise to a self-

complementary “hairpin” mRNA (Hilson et al., 2004).  

Seeds of A. thaliana ecotype Columbia-0 were surface sterilized with 70% (v/v) ethanol for 

2 min followed by 5% (v/v) NaOCl for 10 min. After thorough rinsing with sterile distilled 

water the seeds were sown in vitro on the surface of a sterile filter which was put on solid 

Murashige-Skoog medium (4.3 g/L MS micro and macro nutrients containing vitamins 

(Duchefa, Haarlem, The Netherlands), 30 g/L sucrose, pH 5.7 (adjusted with 0.5 mM NaOH) 

and 8 g/L plant agar (Duchefa)). The plates were incubated for 3 days at 4°C in the dark to 

eliminate any residual dormancy of the seeds, and were then transferred to a growth 

chamber at 21°C with a 16/8 h light/dark photoperiod. 

 

3.3.6 Transformation of Arabidopsis thaliana plants and cell culture 

The expression vector for the 35S promoter driven expression of ArathEULS3 was 

transferred to Agrobacterium tumefaciens strain GV3101 by electroporation or strain C58C1 

pMP90 by triparental mating. A. thaliana plants ecotype Columbia were transformed using 

the floral dip method (Clough and Bent, 1998). A. thaliana suspension cells ecotype 
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Landsberg erecta were transformed by a callus-free co-cultivation method (Van Leene et al., 

2007). To select for transformed plants, seeds were sterilized and plated on kanamycin (50 

µg/ml) containing MS medium. Genomic DNA was purified from 3 week-old Arabidopsis 

seedlings using the FastDNA® SPIN kit (Qbiogene Inc., Carlsbad, USA). Cultures of 

transformed suspension cells were selected by addition of kanamycin (50µg/ml) to the 

culture medium. Integration of the T-DNA sequence into the plant or cell genome was 

checked by PCR on genomic DNA using kanamycin-specific primers (Kan-f and Kan-r) and 

primers complementary to the 5’ and 3’ end of the coding sequence of ArathEULS3 (ArathF 

and ArathR). Cycling parameters were as follows: 2 min 94°C, 25 cycli of 15 sec 94°C, 30 sec 

50°C, 1 min 72°C, ending with 5 min 72°C.  

 

3.3.7 Analysis of transgenic lines 

Plants overexpressing ArathEULS3 and plants with reduced ArathEULS3 expression due to 

RNAi silencing were investigated to assess the ArathEULS3 expression levels. 

To identify overexpression lines with high expression levels, RT-PCR was performed using 

ArathEULS3 gene specific primers on cDNA from 14 day-old plants from 9 different 

overexpressing lines. 

In order to select RNAi lines with a high level of silencing of the ArathEULS3 expression, 

stress experiments were performed. Therefore, seeds of the RNAi lines were sown on filter 

papers placed on MS-medium. After 14 days plantlets were transferred to MS plates 

containing 150 mM NaCl for 7h. RT-PCR was performed using ArathEULS3 gene specific 

primers. 

 

3.3.8 Germination assay 

For a germination assay, 50 surface sterilized seeds of ArathEULS3 overexpression line 4, 

ArathEULS3 RNAi-silenced line 3 and a WT control were sown on MS medium containing 0, 

50, 100, 150 or 250 mM NaCl. Seven days after stratification, germinated seeds were 
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counted. Since these data were binomially distributed, statistically significant differences 

were assessed with the chi-square test of independence. 

 

3.3.9 Root growth analysis 

For a root growth analysis, surface sterilized seeds of ArathEULS3 overexpression line 4, 

ArathEULS3 RNAi-silenced line 3 and a WT control were sown on half strength MS medium, 

stratified for 2 days and grown in a standing position. After 7 days, plantlets were 

transferred to full strength MS medium containing 50 µM ABA, 20 µM MeJA or a solvent 

control at equal volume. Daily, root growth of at least 10 plants per treatment was analyzed. 

After 8 days of treatment, digital images of the plates in which the plants had been growing 

were acquired with a digital camera. Root growth was measured on these images using the 

freeware imaging software package ImageJ. Root tip morphology after 8 days of treatment 

was assessed microscopically using a 10x dry objective (Nikon Instruments Inc., Melville, NY, 

USA). The experiment was performed in duplicate. 

 

3.3.10 Cell growth analysis under NaCl stress 

One week after subculturing, an A. thaliana suspension cell culture overexpressing 

ArathEULS3 and a WT cell culture control were diluted 1/10 into 100 ml erlenmeyer flasks 

containing 45 ml Murashige-Skoog medium with minimal organics (MSMO) supplemented 

with 0, 12.5, 25 or 50 mM NaCl. After one week of growth, cells were harvested on a glass 

sinter filter, washed, oven dried and weighed on an analytical balance. Relative growth for 

overexpression and WT cells was calculated as a percentage against the growth of their 

respective blank controls. The experiment was performed in triplicate. Since the data were 

not normally distributed, statistical differences were determined with the Kruskal-Wallis 

test. 
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3.3.11 Leaf size analysis 

A total of more than six hundred fully expanded rosette leaves of five week-old plants 

overexpressing ArathEULS3, plants with RNAi-silenced ArathEULS3 expression and WT 

control plants were cut and scanned with a flatbed scanner. For each leaf, the size was 

measured on the obtained image. Since the data were normally distributed, statistically 

significant differences on the group level were assessed with ANOVA. Post-hoc pairwise T-

tests with Bonferroni correction were performed to identify statistically significantly 

different groups. 

 

3.3.12 Expression of the ArathEULS3 lectin during plant development 

For growth and collection of samples from aerial plant tissues during development, wild type 

A. thaliana Col-0 seeds were sown in artificial soil (Jiffy-7, 44 mm Ø). Seeds were stratified 

and transferred to a growth chamber as described in previous paragraph. At least 10 whole 

plantlets were collected at 6, 15 and 22 days after the sowing of the seeds. After 31 days, 

rosette leaves were harvested. After 39 and 54 days of development, rosette leaves, cauline 

leaves, stems and flowers were sampled. 

For growth and collection of root samples, the seeds were sown on expanded clay granules 

(<4 mm Ø). The granules were kept well-watered and once per week fertiliser was applied. 

Root samples were collected after 34, 46 and 59 days of development. All tissues were 

harvested from at least 10 plants. The experiment was performed in two biological 

replicates. Expression in all different samples was compared to lectin expression in 6 day-old 

seedlings. 

 

3.3.13 Abiotic stress experiments 

Arabidopis seeds were sown on filter paper on top of MS medium. On day 14 the filter was 

transferred to liquid MS medium (control) or to liquid MS medium containing a stress factor. 

The stress treatments tested included 150 mM NaCl, 100 mM mannitol, 100 µM 

concentrations of ABA, MeJA, IAA, BAP, Ethephon and GA3 and a 300 µM concentration of 

SA. Mock treatments were performed with blank MS medium supplemented with the same 
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volume of solvent as used for the stress treatments. After stress treatment for different time 

periods, seedlings were frozen and grinded with a mortar and pestle for RNA extraction. 

 

3.3.14 Biotic stress experiments 

Pseudomonas syringae pv. tomato strain DC3000 and Botrytis cinerea strain B05.10 used in 

the assay were a gift from Prof. Dr. M. Höfte (Laboratory of Phytopathology, Ghent 

University, Belgium). The infection experiments were performed according to Pieterse et al., 

(1996), Katagiri et al., (2002) and Audenaert et al., (2002) with minor modifications. 

P. syringae pv tomato DC3000 was grown in King’s B medium (20 g/L peptone, 1% glycerol; 

1.5 g/L KH2PO4; 1.5 g/L MgSO4.7H2O; pH 7.2). The bacterial infection solution was made of 

OD 0.05 (corresponding to 2.5 x 107 cfu /ml) in 10 mM MgSO4 containing 0.05% Silwet-77. 

The mock solution consisted of the same solution without bacteria. 

The Botrytis strain was maintained on regular Potato dextrose agar (PDA) plates at 21°C. To 

stimulate sporulation, the plates were incubated for 10 days at 21°C under a 12/12 h 

UV/dark light regime. The inoculation solution containing 5 x 105 conidia / ml was prepared 

in ½ strength Potato dextrose broth (PDB) medium. The mock solution consisted of the same 

components without spores. 

Hundred individually grown five week-old WT Arabidopsis plants of the Col-0 ecotype were 

inoculated with either the infection or the mock solutions by spraying the rosette leaves 

until run-off in case of infection with Pseudomonas or by the droplet technique in case of 

infection with Botrytis. In the latter case, a 10-µl droplet of either the inoculum or the mock 

solution was added on the upper side of three randomly chosen rosette leaves from each 

plant. One day before treatment up till 2 days after bacterial infection, the plants were 

maintained at 100% relative humidity to increase the infection efficiency. In the fungal 

infection experiments, the plants were kept at 100% relative humidity during the entire 

experiment. During infection, the plants were maintained in a controlled Conviron growth 

chamber at 21°C with a 12/12 h light/dark photoperiod. Infected plants were separated from 

mock treated plants. At indicated time points post infection, rosette leaves of minimum 10 
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randomly chosen plants were frozen in liquid nitrogen and stored at -80°C prior to RNA 

extraction and qRT-PCR analysis. 

3.3.15 RNA extraction, cDNA synthesis and quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) 

Total RNA was extracted using the TRI-Reagent according to the manufacturer’s 

instructions (Sigma-Aldrich,). To remove any residual genomic DNA from the RNA samples, 

the RNA solution was incubated with 2 units RNase-free DNaseI at 37°C for 30 min 

(Fermentas, St. Leon-Rot, Germany). After addition of 2 µl EDTA (25 mM), the DNase enzyme 

was inactivated by incubation at 65°C for 10 min. Reverse transcriptase reactions were 

performed with 2 µg of total RNA using oligo(dT) primers and Moloney Murine Leukemia 

Virus reverse transcriptase (M-MLV-RT) (Invitrogen). The obtained single stranded cDNAs 

served as templates for quantitative RT-PCR. The quality of the cDNA was tested by 

performing a standard RT-PCR using the reference genes Ubiquitin Conjugating Enzyme 9 

(UBC9) and Protein phosphatase 2A (PP2A). The PCR amplification products were checked on 

a 1.5% agarose gel.  

The qPCR SensiMixTM SYBR No-ROX kit (Bioline, London, UK) was used in all qRT-PCR 

analyses. The reaction mixture contained the following components: 1 µL of first-strand 

cDNA, 10 µL of 2x SensiMixTM SYBR No-ROX reagent and 500 nM of each primer in a total 

volume of 20 µl. All reactions were performed in three technical replicates in a Rotor-Gene 

3000 (Corbett Life Science) using Rotor Discs (Qiagen, Hilden, Germany), and results were 

generated by the Rotor-Gene 6 software. Two or three independent biological replicates, 

each containing a pool of several seedlings, were analyzed. qRT-PCR was performed under 

the following conditions: 10 min at 95°C, and 45 cycles of 25 sec at 95°C, 25 sec at 60°C, and 

20 sec at 72°C. After qRT-PCR, a melting curve was generated by gradually increasing the 

temperature to 95°C to test the amplicon specificity. Gene expression was normalized to 

three reference genes, coding for Ubiquitin Conjugating Enzyme 9 (UBC9), Protein 

phosphatase 2A (PP2A) and TIP41-like protein (TIP41) (Czechowski et al., 2005). Expression 

of control genes, known to be influenced by certain treatments, was assessed to verify the 

effectiveness of each treatment. The list of target, reference and control genes and 

according qPCR primers can be found in Supplemental Table 2. 
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Data were analyzed using the REST 384 software (Corbett Research; Pfaffl et al., 2002) which 

uses a permutation analysis to compare the relative expression between a sample and a 

control group, and to determine the statistical significance of the results. 

 

3.3.16 In silico promoter analysis 

A sequence of 2000 base pairs upstream from the ArathEULS3 transcription start site (TSS) 

was investigated in silico in search for putative cis-regulatory elements. The TSS was 

obtained from the plant promoter database (PlantProm DB) (Shahmuradov et al., 2003). 

Typical core promoter elements such as the y-patch and TATA elements were determined as 

described in Yamamoto et al. (2007). Analysis of the promoter sequence using the PLACE 

database allowed to recognize and allocate cis-regulatory elements (Higo et al., 1999). Only 

cis-regulatory elements that were confirmed in literature related to Arabidopsis and other 

plant species were kept in the analysis. 
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3.4 Results 

3.4.1 ArathEULS3 expression during plant development 

Arabidopsis plants were grown under normal developmental conditions and ArathEULS3 

gene transcription was followed at different time points throughout development, from 6-

day old seedlings to adult plants until seed setting (Figure 3.1). For all samples lectin 

expression was compared to plantlets collected at day 6 of development. The expression 

profile shows that the highest transcript levels for ArathEULS3 were present in 15 day-old 

plantlets and in stems of 39 day-old plants, both being significantly different from the 

transcript level in 6 day-old plantlets. In flower and root samples of 54 and 59 day-old plants 

respectively, the lectin expression was significantly lower than in the reference group. In the 

other samples, the transcript levels remained at a rather constant level which was not 

significantly different from that of 6 day-old plantlets. 

The average expression level for ArathEULS3 in the different tissues was comparable (ratio 

almost 1) to that of the reference gene TIP41, encoding a TIP41-like family protein 

(Czechowski et al., 2005). 
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Figure 3.1: qRT-PCR analysis of ArathEULS3 gene expression in different organs during plant 
development. Bars represent relative expression levels from two biological replicates. n=20; error 

bars ±SE; Asterisks indicate statistically significant differential expression compared to control 

samples (p < 0.05; REST analysis). Data are shown as relative expression levels, compared with the 

expression in 6 day-old plantlets (control). 

 

3.4.2 Micro-array data suggest a stress-inducible expression of ArathEULS3 

Genevestigator and eFP browser are browser-based tools which provide a user-friendly 

interface to screen a huge collection of publicly available microarray data. Both tools were 

used to screen the databases for information on ArathEULS3 expression (Supplemental 

Figure 1). The data suggested that ArathEULS3 gene expression is mostly influenced by ABA 

treatment, resulting in approximately 15-fold upregulation of gene expression. Furthermore, 

biotic stress from the plant pathogen Pseudomonas syringae and abiotic stresses related to 

drought were expected to have a major positive impact on ArathEULS3 gene expression. 

During seed germination ArathEULS3 expression was at its lowest level, exhibiting a 7.5-fold 

downregulation of lectin expression compared to desiccated seed samples. 
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3.4.3 ArathEULS3 expression in seedlings is mostly upregulated by NaCl stress, ABA and 

MeJA treatment 

A series of qRT-PCR based expression analysis experiments was designed within the gridline 

defined by the publicly available datasets. Several abiotic and biotic stress factors were 

selected based on (but not limited to) a Genevestigator search for perturbations, resulting in 

an elevated expression of ArathEULS3. 

To investigate the expression pattern of ArathEULS3, a qRT-PCR expression profiling was 

performed on 14 day-old wild-type Col-0 Arabidopsis seedlings, treated with various abiotic 

stress factors and hormones. The expression of ArathEULS3 in the stress-treated seedlings 

was compared to mock-treated samples. To verify the effectiveness of the abiotic stress 

applications, the expression of stress-inducible control genes was assessed for each 

treatment. 

Of all hormones tested, only ABA and MeJA showed a significant impact on ArathEULS3 

expression. Figure 3.2A shows the transcript levels for ArathEULS3 after ABA treatment in 

plantlets compared to the control gene Cor15A. A significant upregulation of the ArathEULS3 

transcripts was observed for all tested time points, starting with a 2-fold upregulation after 1 

and 3h and reaching a maximum of 4.5-fold upregulation after 7h of ABA treatment. 

Transcript levels remained comparably high until the 24h time point. 

Similarly, MeJA treatment resulted in 3.4-fold and 3.5-fold upregulation after 3h and 5h 

respectively (Figure 3.2B). After 24h, transcript levels decreased to basal levels. 

Treatment with the defense regulating hormone SA did not result in a significant alteration 

of the ArathEULS3 expression level (Figure 3.2C). WRKY70 expression, was strongly 

upregulated at all time points tested. 
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Figure 3.2: qRT-PCR analysis of ArathEULS3 and control gene transcript accumulation in Arabidopsis 

seedlings. Bars represent relative expression levels from two biological replicates. n=20; error bars 

±SE; Asterisks indicate statistically significant differential expression compared to control samples (p 

< 0.05; REST analysis). Data are shown as relative expression levels of hormone/stress-treated plants 

in comparison with control (mock-treated) plants. 14-day old Arabidopsis plantlets were subjected to 

treatment with A. 100 µM ABA. B. 100 µM MeJA. C. 300 µM SA. 

 

To investigate the effect of some major hormones involved in plant growth and 

development, plants were also treated with BAP (cytokinin), Ethephon (ethylene mimic), IAA 

(auxin) and GA3 (gibberellin). A comparative overview of the relative ArathEULS3 expression 

levels after 1h-10h treatment with different hormones is shown in Figure 3.3. BAP and 

Ethephon treatment yielded only a 2-fold increase in ArathEULS3 expression at certain time 

points. No effect was observed for IAA and GA3. 

 

Figure 3.3: qRT-PCR analysis of ArathEULS3 transcript accumulation in Arabidopsis seedlings after 1, 

5, or 10h treatment with various plant hormones. Bars represent relative expression levels from two 

biological replicates. n=20; error bars ±SE; Asterisks indicate statistically significant differential 

expression compared to control samples (p < 0.05; REST analysis). Data are shown as relative 

expression levels of hormone-treated plants in comparison to control (mock-treated) plants. 
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Osmotic stress treatment with NaCl resulted in 4.7-fold elevated ArathEULS3 expression 

levels in seedlings floated on MS medium supplemented with NaCl for 7 h (Figure 3.4). 

Unexpectedly, mannitol treatment, which mimics osmotic stress, affected ArathEULS3 levels 

to a much lesser extent, resulting only in a 1.8-fold upregulation after 24 h treatment. 

 

 

Figure 3.4: qRT-PCR analysis of ArathEULS3 and control gene transcript accumulation in Arabidopsis 

seedlings. Bars represent relative expression levels from two biological replicates. n=20; error bars 

±SE; Asterisks indicate statistically significant differential expression compared to control samples (p 
< 0.05; REST analysis). Data are shown as relative expression levels of hormone/stress-treated plants 

in comparison with control (mock-treated) plants. 14-day old Arabidopsis plantlets were subjected to 

treatment with 150 mM NaCl or 100 mM mannitol. 
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3.4.4 P. syringae pv tomato infection upregulates ArathEULS3 expression in Arabidopsis 

plants 

During infection with plant pathogens a delicate interplay of hormones (SA, JA, Ethylene, 

ABA) is obtained in the plant, which is very hard to achieve artificially by treating plants with 

these hormones. Moreover, different pathways of response are activated upon infection 

with necrotrophic or biotrophic plant pathogens (Pieterse et al., 2012). To investigate the 

effect of infection with a hemibiotrophic plant pathogen on ArathEULS3 expression, four to 

five week-old Arabidopsis plants were spray-infected with P. syringae pv tomato DC3000. 

Afterwards, ArathEULS3 expression was measured and compared to a mock-treated control 

group. The pathogenesis responsive gene PR1 was used as a positive control for P. syringae 

infection (Espunya et al., 2012). As illustrated in Figure 3.5A, Pseudomonas infection resulted 

in a distinct upregulation of ArathEULS3 expression. Already at 1 dpi, a 3.7-fold upregulation 

of ArathEULS3 expression was observed, and this level increased to its maximum level at 2 

dpi (6.3-fold upregulation). At 3 dpi, ArathEULS3 gene expression still showed a 3-fold 

upregulation, but at 5 and 7 dpi, the lectin expression dropped to a level which was not 

significantly different from the control samples. 

To investigate whether infection with a necrotrophic pathogen also affect ArathEULS3 

expression, infections with the model necrotrophic pathogen Botrytis cinerea were 

performed. However, this fungal infection had no significant effect on the ArathEULS3 

expression (Figure 3.5B), whereas the control gene PDF1.2 reached significantly different 

relative expression levels at 2 and 3 dpi. 
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Figure 3.5: qRT-PCR analysis of ArathEULS3,  PR1 and PDF1.2 transcript levels in Arabidopsis plants 

after pathogen infection. Bars represent relative expression levels from two biological replicates. 

n=10; error bars ±SE; Asterisks indicate statistically significant differential expression compared to 

control samples (p < 0.05; REST analysis). Data are presented as relative expression levels of stress-
treated cells in comparison with control (mock treated) plants. Relative expression expression levels 

after infection with A. P. syringae pv. tomato DC3000, B. Botrytis cinerea strain B05.10 
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3.4.5 Analyses on plants and cells with altered ArathEULS3 expression levels 

To select Arabidopsis mutant lines with altered levels of ArathEULS3 expression PCR 

reactions were performed on cDNA from these plants to investigate whether the plants 

were transformed. Furthermore, the ArathEULS3 transcript levels of 15 day-old plants were 

tested using qRT-PCR (Figure 3.6). Multiple overexpression lines showed increased 

ArathEULS3 transcript levels, among which line 4 was considered the strongest with a 35-

fold increase in ArathEULS3 expression compared to untransformed Arabidopsis plants. 

Unfortunately, most RNAi lines showed little effect on the ArathEULS3 transcript levels. Only 

one out of the 12 tested lines showed a considerably lower ArathEULS3 expression. Line 3 

revealed a 15-fold reduction in ArathEULS3 expression compared to untransformed 

Arabidopsis plants. Hence overexpression line 4 and RNAi silenced line 3 were selected for 

further analyses.  

 

Figure 3.6: qPCR analyses for ArathEULS3 expression. Bars represent relative ArathEULS3 expression 

levels compared to TIP41 expression in 15 day-old wild type control plants, plants overexpressing 

ArathEULS3 and plants with reduced ArathEULS3 expression from two biological replicates (n=15). 

Error bars ±SE. 
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subjected to NaCl stress. For most NaCl concentrations tested, overexpression of 

ArathEULS3 resulted in a significantly reduced germination rate. RNAi silencing generally had 

a less consistent effect on germination rates, although germination was significantly lower at 

concentrations of 50 and 150 mM NaCl in the germination medium. 

In a root growth assay, 7 day old plants were transferred to MS medium containing 50 µM 

ABA, 20 µM MeJA or a solvent control. MeJA, ABA and solvent control treated plant roots 

were measured daily and the root elongation rate was calculated (Figure 3.7B). Root growth 

of MeJA and ABA treated plants was slower than for control plants. Under control 

conditions, root growth of ArathEULS3 overexpression plants was in most cases significantly 

slower than WT and RNAi plants. Although root growth slowed down progressively for both 

treatments, no consistent significant differences were observed between the different plant 

lines. After 8 days of growth on ABA/MeJA treatment or control medium, images of root tips 

were recorded (Figure 3.7C) but revealed no significant differences in root cellular structure. 

Transgenic suspension cells overexpressing ArathEULS3 and WT cells were transferred to 

growth medium containing different NaCl concentrations. Relative growth for both cell lines 

was calculated in comparison to growth in the blank control medium (Figure 3.7D). Cells 

overexpressing ArathEULS3 showed a significantly larger relative gain in biomass than wild 

type control cells during the 6 day long growth period in medium containing different NaCl 

concentrations. Differences in relative growth between cells overexpressing ArathEULS3 and 

wild type control cells increased with rising NaCl concentrations. 

Since it appeared that plants overexpressing ArathEULS3 had a smaller leaf size, this size 

difference was quantified by measuring the size of a large number of rosette leaves from 

ArathEULS3 overexpressing plants, plants with reduced ArathEULS3 expression and wild type 

control plants (Figure 3.7E). Both plants with ArathEULS3 overexpression and reduced 

ArathEULS3 transcript levels showed a significantly smaller leaf size compared to WT plants. 

ArathEULS3 overexpression plants clearly exhibited the smallest leaf size. 
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Figure 3.7: Phenotypical analyses on plants and cells with altered ArathEULS3 expression levels A. 

Germination assay of plant seeds with altered ArathEULS3 expression on MS medium supplemented 

with different NaCl concentrations. Bars represent the percentage of germination compared to the 

control. Error bars represent the 95% confidence interval on the binomial proportion estimate. 

Different letters indicate statistically significant differences (p<0.05; Wilson score method; n=50). 

B. Root growth assay of plants with altered ArathEULS3 expression on control medium (left) 20 µM 

MeJA (middle) and 50 µM ABA (right). The graphs represent root elongation rates (µm/h) for each 
day after transfer; error bars ± SE. Asterisks indicate statistically significant differences (p<0.05; 

Kruskal-Wallis test; n=16). C. Transmission image (10x) of root tips of plants with altered ArathEULS3 

expression and wild type control plants grown for 8 days on 50 µM ABA or 20 µM MeJA. The root cap 

is indicated with a black triangle. Scale bars represent 100 µm D. A. thaliana suspension cell growth 

experiment under NaCl stress. Bars represent the relative gain in biomass (measured as dry weight) 

of WT and ArathEULS3 overexpressing A. thaliana suspension cells after 6 days of growth in different 

concentrations of NaCl, compared to growth under standard growth conditions ; error bars ± SE. 

Letters indicate statistically significant differences (p<0.05 ; Kruskal-Wallis test, n=3). E. Effect of 

ArathEULS3 expression on leaf size. Bars represent the average rosette leaf size in cm2; error bars ± 

SE. Letters indicate statistically significant differences (p<0.05; ANOVA with post-hoc T-test; n=200). 

 

3.4.6 The ArathEULS3 promoter contains ABA/MeJA/drought/pathogen responsive 

elements 

To assess the theoretical functionality of the ArathEULS3 promoter, the core functional 

elements were identified and located. The transcription start site (TSS) of the gene was 

identified using the plant promoter database PlantPromDB. According to this database the 

TSS for ArathEULS3 is located 24 bp upstream from the start codon of the gene 

(Supplemental Figure 2). At position [-24,-30] from the TSS, a consensus sequence for a y-
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patch (CTCTTC) is located. The TATA-element (CTTATA) closest to the TSS is located at [-36,-

42] bp upstream of the TSS. The fact that these core elements are all found at their typical 

locations (Yamamoto et al., 2007) within the promoter sequence indicates that this 

promoter sequence is most likely functional. 

In search of cis-regulatory elements which could explain the observed stress-responsive 

expression pattern, an in silico analysis was performed for the 2000 bp sequence upstream 

from the ArathEULS3 gene TSS using the PLACE database. A list of putative cis-regulatory 

elements was obtained, containing elements related to salt, drought, ABA, MeJA or 

pathogen attack (Table 3.1). A graphical representation of the promoter sequence 

highlighting these stress-related elements can be found in Supplemental Figure 2 and 

Supplemental Table 3. The complete list of all retrieved cis-regulatory elements regardless 

their function is also available (Supplemental Table 4). The Cistome tool (BAR, Toronto) was 

used to calculate which cis-regulatory elements were statistically overrepresented in the 

promoter sequence. Only one element in the promoter sequence is significantly 

overrepresented (p < 0.01), being the 9-mer TAATNATTA, referred to as ATHB-7 (Valdés et 

al., 2012). 

Table 3.1: List of the salt/drought/ABA, JA and pathogen-related cis-regulatory elements in the 2000 

bp region upstream of the ArathEULS3 TSS. Nucleotide code: W = A/T, Y = C/T, R = A/G, K = G/T, N = 

A/C/G/T. 

 

 

Species of origin Factor or Site Name #  Signal Sequence Associated with References 

Arabidopsis thaliana ABRELATERD1 2 ACGTG Drought/ABA Nakashima et al. (2006) 

 
ACGTATERD1 8 ACGT Drought Simpson et al. (2003) 

 
ATHB-7 5 TAATNATTA Salt/ABA Valdés et al. (2012) 

 
DPBFCOREDCDC3 1 ACACNNG ABA Lopez-Molina and Chua 

(2000) 

 
L1BOXATPDF1 1 TAAATGYA Drought Henriksson et al. (2005) 

 
MYB1AT 2 WAACCA Drought/ABA Abe et al. (2003) 

 
MYB2CONSENSUSAT 1 YAACKG Drought/ABA Abe et al. (2003) 

 
MYBATRD22 1 CTAACCA Drought/ABA Busk and Pages (1998) 

 
MYBCORE 1 CNGTTR Drought Solano et al. (1995) 

 
MYCCONSENSUSAT 6 CANNTG Drought Agarwal et al. (2006) 

 
PREATPRODH 1 ACTCAT Osmotic stress Weltmeier et al. (2006) 

 
T/GBOXATPIN2 2 AACGTG Jasmonic acid Boter et al. (2004) 

 
WBBOXPCWRKY1 1 TTTGACY Pathogens (biotrophic) Eulgem et al. (2000) 

Oryza sativa BIHD1OS 1 TGTCA Pathogens (fungal) Luo et al. (2005) 

 
WRKY71OS 7 TGAC Pathogens (biotrophic) Eulgem et al. (2000) 

Glycine max GT1GMSCAM4 7 GAAAAA Pathogens (bacterial)/Salt  Park et al. (2004) 
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3.4.7 Search for genes co-expressed with ArathEULS3 

Co-expression analyses can help to discover gene function as they can identify genes 

encoding proteins which physically interact or which are involved in a common pathway or 

network. The ATTED-II, Genevestigator and Expression Angler databases were analyzed for 

gene sequences that are co-expressed with the ArathEULS3 gene under stress/hormonal 

treatment (e.g. perturbation in case of Genevestigator). Although these three databases 

provide similar information, they have distinct functional aspects that improve the potential 

retrieval of co-expressed genes, such as cis-element findings integrated with co-expressed 

gene selection (Expression Angler), a Java technology-based interactive user interface 

(Genevestigator) or gene co-expression networking (ATTED-II) (Obayashi et al., 2008). Each 

database provides a different scoring system to determine the reliability of co-expression 

results, which were rescaled to a value between 0 and 1. For each approach, the top 5 co-

expressed genes with a co-expression correlation score exceeding a cut-off of 0.6, were 

listed (Figure 3.8). All three analyses shared one common gene encoding the A. thaliana 

homeobox 7 protein (ATHB-7, TAIR locus nr At2g46680) with the best co-expression score of 

0.93. The second best co-expressed gene, shared in the dataset retrieved from the 

Expression Angler as well as the Genevestigator database, was the gene with locus number 

At5g59220 (co-exp. score 0.91), encoding the Highly ABA-induced PP2C gene 1. The gene on 

locus number At2g04350 was the third gene in the list and codes for an AMP-dependent 

synthetase and ligase family protein (co-exp. score 0.91). The other, less strongly co-

expressed genes and GO annotations are also listed in Figure 3.8. 
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Figure 3.8: Search for genes co-expressed with ArathEULS3 under stress or hormone treatment, 

performed using ATTED-II (red), Genevestigator (green) and Expression angler (blue). For each 

approach, the TAIR locus number of the top 5 co-expressed genes are shown. Genes which were 
retrieved from more than one database are shown as shared elements with merged color. Co-

expression correlation scores for particular genes were rescaled to a value between 0 and 1 and are 

shown below the gene locus number. In case a gene occurred in more than one dataset, only the 

highest correlation score is shown. Gene annotations are linked to the TAIR locus numbers by arrows. 

 

3.4.8 qRT-PCR expression profiling of ATHB-7 confirms ABA responsiveness 

ATHB-7 expression was screened under the same conditions as ArathEULS3 (Figure 3.9A) in 

plant material originating from the same sample set. A clearly enhanced expression was 

observed after ABA treatment with a more than 20-fold upregulation after 10h of treatment. 

None of the other hormones tested affected the expression levels of ATHB-7 to an equal 

extent. Treatment with 100 µM BAP resulted in a 6-fold downregulation of ATHB-7 

transcripts but after 5h, the expression levels were back to normal. Since expression levels of 

ATHB-7 in plants with altered ArathEULS3 expression and wild type control plants were very 

similar, there was no effect of ArathEULS3 expression on ATHB-7 expression (Figure 3.9B). 
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Figure 3.9: A. qRT-PCR analysis of ATHB-7 expression levels in Arabidopsis plants after treatment 

with various hormones. Bars represent relative expression levels from two biological replicates. 

n=20; error bars ±SE; Asterisks indicate statistically significant differential expression compared to 

control samples (p < 0.05; REST analysis). Data are presented as relative expression levels of 
hormone-treated plants in comparison with control (mock treated) plants. B. Effect of ArathEULS3 

expression levels on ATHB-7 expression. Bars represent ATHB-7 expresson compared to TIP41 

expression. Error bars ± SE. 
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3.5 Discussion 

Expression analysis is an established method to gain some indication(s) for gene function. 

Publicly available expression databases have been and will remain invaluable sources of 

information. These databases consist mainly of high-throughput micro-array data and can 

serve well to obtain a first indication of the expression of a certain gene of interest. Although 

this approach is useful, these high-throughput results need to be confirmed in a low-

throughput experimental setup. 

 

3.5.1 ArathEULS3 shows a constant expression during development 

During plant development, under normal environmental conditions, the ArathEULS3 gene 

did not exhibit a particularly strong tissue or age specific expression. Only samples from 15 

day-old plantlets and 39-day old stems, showed a slightly higher expression than 6 day-old 

plantlets, the reference group in our experiment. There was a slight trend in which the 

samples taken at the later time points during development showed a lower expression of 

ArathEULS3 compared to the samples from the same tissues collected at earlier points 

during development. The samples from flowers and roots taken from 54 and 59 day-old 

plants, respectively, showed a significantly lower ArathEULS3 expression compared to 6 day-

old plantlets. The expression of ArathEULS3 during the life cycle of the plant under 

conditions free from stress, was generally more or less stable, and resembled the expression 

levels observed for TIP41, one of the reference genes used in this experiment, and based on 

a global Genevestigator search, is ranked as a low to medium expressor (data not shown). 

These results suggest a moderate basal expression level for the ArathEULS3 gene, indicating 

that there is a need for at least a small amount of the ArathEULS3 lectin during development 

under normal growth conditions. 
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3.5.2 ArathEULS3 expression is induced by both ABA/MeJA/NaCl treatment and 

Pseudomonas syringae infection but not by SA treatment. 

Even though in our experiments, the fold-change in expression was lower than the ones 

obtained in the Genevestigator set, most of the identified stress agents were confirmed to 

affect lectin expression. In plants, ABA and NaCl treatment demonstrated an effect on gene 

expression as expected, in that expression levels were raised significantly. A detailed 

expression analysis of the ArathEULS3 gene in ABA treated plantlets (Figure 3.4A) revealed 

maximum levels of ArathEULS3 expression after 7h treatment (4.5-fold). After 24h, the 

expression levels were still high (3.7-fold), indicating a persisting effect of ABA on the 

ArathEULS3 expression. NaCl treatment resulted in a comparable 4.7 upregulation after 7h 

of treatment (Figure 3.4D) confirming the effect of the ABA response on ArathEULS3 

expression and suggesting a drought stress-related role for the ArathEULS3 lectin gene. 

Although also drought-related, mannitol treatment showed an unexpectedly subtle effect on 

ArathEULS3 expression. It has been demonstrated that the Arabidopsis transcriptome after 

NaCl and mannitol treatments shows only limited overlap (Kreps et al., 2002). These authors 

compared reported transcriptome data after 3 and 27 hours of 100 mM salt or 200 mM 

mannitol treatment of Arabidopsis plantlets. In the leaves there were only 2% and 7.5% 

commonly upregulated genes between salt and mannitol treatment for these time points. In 

roots, there was 23% and 5% overlap in upregulated genes between treatment with the two 

different osmotic stress factors for these time points. Even though both osmotic stresses 

trigger common pathways, it has been reported that there are significant differences. For 

instance, salt stress has a specific ionic (toxicity) aspect whereas drought stress has a 

stronger effect on membrane integrity (Mahajan and Tuteja, 2005). This may explain why 

ArathEULS3 did not exhibit the same expression profile after NaCl and mannitol treatment. 

Surprisingly, MeJA showed a 3.5-fold upregulation of ArathEULS3 expression (Figure 3.2B), 

though this hormone did not show a clear effect in the publicly available microarray data 

(Supplemental Figure 1). The upregulation of ArathEULS3 gene expression developed more 

rapidly after MeJA application when compared to the ABA treatment. Transcript levels for 

MeJA treated plants displayed a clear decrease at the 24h time point, unlike ABA treated 

plants. It is possible that both hormones activate distinct signaling cascades with different 
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kinetics but with a common convergence point such as the production of reactive oxygen 

species (Munemasa et al., 2007), resulting in the observed effects on ArathEULS3 expression. 

The biotic stress experiments on Arabidopsis plantlets with P. syringae pv tomato DC3000 

infections proved that the ArathEULS3 gene expression is not only influenced by abiotic 

stress, but also by pathogen attack. Samples collected at 1 and 3 dpi showed a 3.7- and 3.0-

fold upregulation of ArathEULS3 expression, respectively. The strongest rise in expression for 

the lectin gene was detected 2 dpi, mounting up to a 6.3 times higher levels than in the 

control. At 5 dpi, the expression level for ArathEULS3 had returned to normal levels. 

During pathogen infection, plants set up an intricate web of hormone responses in which 

profound crosstalk between hormones has been reported (Pieterse et al., 2012). Key 

regulators in pathogen responses are SA and JA, but also ethylene, ABA, auxin, cytokinins 

and gibberellins modulate their interplay. Thus, many genes which expression levels are 

upregulated during infection with P. syringae also respond to treatment with the defense 

hormone SA (eg; WRKY70 (Li et al., 2006) and PR1 (Espunya et al., 2012)). This was not the 

case for ArathEULS3 since only a marginal effect of SA treatment on ArathEULS3 expression 

was observed (Figure 3.2C). In this work, the ArathEULS3 gene has been demonstrated to be 

mainly regulated by ABA and MeJA. Since no other screened hormone had a profound effect 

on ArathEULS3 expression levels, it is possible that the reported increased ABA/JA levels 

inside the plant cell as a result of pathogen infection (de Torres-Zabala et al., 2007; Pieterse 

et al., 2012) are responsible for the elevated ArathEULS3 expression. It has been 

demonstrated by Melotto et al. (2006) that virulent Pseudomonas syringae pv tomato enters 

the leaf through stomata and deploys the toxin coronatine, which mimics JA and forces the 

plant to reopen stomata after PAMP-induced closing. 

Although Botrytis cinerea has also been reported to affect ABA signaling in plants (Windram 

et al., 2012), infection experiments with this fungus did not result in any significant 

upregulation of ArathEULS3 transcripts, suggesting that the pathogen route for invasion may 

also be critical. 
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3.5.3 ATHB-7 is a possible transcription factor for the ArathEULS3 gene 

Co-expression analyses revealed a small set of highly co-expressed genes. The best scoring 

protein which emerged from the analyses is the ATHB-7 protein. This protein has recently 

been demonstrated to be an ABA-regulated transcription factor (Valdés et al., 2012). 

Interestingly, ATHB-7 is part of a negative feedback loop in the ABA signaling pathway and 

was described to do so by promoting the expression of PP2C genes and downregulating the 

expression of PYL/PYR ABA receptor genes. PP2C proteins can in turn block the SnRK2 family 

proteins by dephosphorylation, consequently impeding ABA responsive element-binding 

factor transcription factors (ABFs). The ATHB-7 expression, being governed by these ABFs, 

will then also be reduced. The Highly ABA-Induced PP2C Gene 1 (encoded by At5g59220) 

emerged in the list of co-expressed genes to the ArathEULS3 gene as a close second to 

ATHB-7 (Figure 3.8). It is possible that ArathEULS3 may be a new but yet unreported target 

of the ATHB-7 transcription factor. 

The ArathEULS3 promoter sequence was analyzed in search of cis-regulatory elements, 

which may justify the observed expression profile of the ArathEULS3 gene. The most striking 

cis-regulatory element found in the promoter sequence is the five times occurring 9-mer 

TAATNATTA. Recently, it was reported that the consensus sequence TAATNATTA is 

recognized by the ABA induced transcription factor ATHB-7 (Valdés et al., 2012). 

Interestingly, similar to ArathEULS3, ATHB-7 expression was also shown to be responsive to 

ABA treatment (Figure 3.9A). In contrast, MeJA treatment did not alter ATHB-7 transcript 

levels, suggesting that if ATHB-7 indeed has a role in ArathEULS3 transcription, this is 

independent from MeJA levels in the plant. 

Our hypothesis that ArathEULS3 expression can at least partly be regulated by the ATHB-7 

transcription factor is supported by in silico analyses and the experimental proof that ATHB-

7 follows the same environmental cues as ArathEULS3. However, more experimental 

evidence is needed to confirm this hypothesis. For instance, expression analyses of athb-7 

knockouts should give decisive proof for or against our hypothesis. We would expect these 

mutants to show a lower expression level of ArathEULS3 upon ABA treatment compared to 

wild-type control plants if ATHB-7 indeed serves as a transcription factor for this gene. We 

attempted to perform these experiments, but unfortunately the obtained homozygous athb-
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7 knock-out seeds from the NASC institute yielded plants with no significant difference in 

transcript levels of ATHB-7 nor ArathEULS3 (data not shown). It would therefore be 

interesting to repeat these experiments on confirmed athb-7 knockouts.  

 

3.5.4 Effects of ArathEULS3 expression on plant physiology 

Stress experiments were performed on plants overexpressing ArathEULS3 and plants with 

reduced ArathEULS3 expression to evaluate the effect(s) on plant physiology. We selected a 

set of experiments that was not yet covered by previous publications and which matched 

the observed abiotic stress stimuli having an effect on ArathEULS3 expression. 

A germination assay (Figure 3.7A) revealed that both ArathEULS3 overexpression plants as 

well as plants with reduced ArathEULS3 expression yielded a significantly reduced 

germination rate compared to wild type controls in the presence of different NaCl 

concentrations. Root growth analyses of these plants (Figure 3.7B) on a growth medium 

containing the hormonal stress agents MeJA or ABA did not reveal any strong effects. Root 

growth of plants overexpressing ArathEULS3 on control medium was impaired compared to 

the wild type plants and plants with reduced ArathEULS3 expression. However, root cellular 

architecture was not markedly different for the ArathEULS3 mutant lines after growth on the 

different stress media (Figure 3.7C). These results indicate that physiological ArathEULS3 

expression is necessary for optimal germination and root growth. Furthermore both 

enhanced and reduced expression of ArathEULS3 affect plant sensitivity to (hormonal) 

stresses. However, the fact that only one mutant line with ArathEULS3 overexpression or 

reduced ArathEULS3 expression, limits the extent of the conclusions to be drawn from the 

experiments. Additionally, a plant line transformed with a non-targeting RNAi or mock 

overexpression vector should be analyzed in parallel to exclude non-specific effects of 

transgenesis on the observed phenotypes. 

A cell culture overexpressing ArathEULS3 was able to produce more biomass under NaCl 

stress than the wild type control (Figure 3.7D), indicating that on a non-differentiated cell 

level, ArathEULS3 can have a beneficial effect against NaCl stress. This may for example be 

due to an effect on cellular ion homeostasis (Mahajan and Tuteja, 2005) or because of an 

altered cell wall composition (Zachorchev et al., 2014). It has to be kept in mind though that 
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certain aspects of a cell culture “history” such as the number of subcultures, insertion 

location, inoculum quality etc. can have an important effect on growth parameters. More 

independent replications of this experiment, also spread further in time, are needed to 

verify the current observations. 

During the preparation of the revised manuscript, a new study on ArathEULS3 was published 

(Li et al., 2014). Overall, most of our observations are in agreement with the results of Li et 

al. (2014) since these authors reported an increased post-germination ABA sensitivity and an 

enhanced drought stress tolerance in plants overexpressing ArathEULS3. Our results differ 

somewhat on the observed germination effect since in our experiments, plants 

overexpressing ArathEULS3 had a significantly reduced germination rate, while this was not 

the case in the experiments of Li et al. (2014). We also noticed a significant effect of 

ArathEULS3 expression levels on leaf morphology, which was not reported by these authors. 

 

3.5.5 Speculation on a role for ArathEULS3 

At first sight it appears that the stress factors which showed an upregulating effect on 

ArathEULS3 expression in our expression analyses have little in common. However, reports 

for each of these stress factors in literature comprise a common topic, namely the leaf 

stomata. It has been well described how ABA and drought/high salinity cause stomatal 

closure by activating Ca2+ ion channels (Kwak et al., 2008). MeJA has been reported to 

provoke a very similar effect on stomata, using a signaling cascade sharing elements with the 

ABA pathway (Hossain et al., 2011). P. syringae infection has been demonstrated to have the 

same effect on stomata, since the plant attempts to protect itself from pathogen invasion 

through closing of the stomata (Melotto et al., 2006). Moreover, SA did not result in an 

upregulation of ArathEULS3 expression. This suggests that the response to Pseudomonas 

infection is not SA mediated. 

Interestingly, Berendzen et al. (2012) demonstrated by a combination of bimolecular 

fluorescence complementation and flow cytometry that the ArathEULS3 lectin can interact 

with Ca2+-dependent protein kinase 3 (CPK3). CPK3 is a key component in stomatal closure 

mediated by ABA signaling. Moreover, Wang et al. (2011) compared ABA-induced 

trancriptome changes in guard cells to complete leaves. The authors showed that 



Chapter 3: Expression study of ArathEULS3 in Arabidopsis thaliana 

77 

ArathEULS3 is also consistently upregulated in the guard cells after ABA treatment. Hossain 

et al. (2011) proved that CPK6, a functionally much related protein to CPK3, integrates ABA 

and MeJA signaling at the guard cell level where it is involved in the activation of ion 

channels prior to stomatal closure. These facts encourage speculation that ArathEULS3 could 

have a guard cell-related function. 

Our data have shown that the fold upregulation of ArathEULS3 expression after stress 

application is rather low, compared to control genes coding for response proteins such as 

Cor15A and PR1. This indicates that ArathEULS3 is playing a more subtle role, but does not 

necessarily mean that it has less importance. In a tightly controlled signaling cascade, 3- to 4-

fold upregulations may have a dramatic effect when multiple relatively small steps are 

integrated together. 
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4.1 Abstract 

After perception of stress stimuli such as drought, heat, pathogen attack etc., plants 

synthesize carbohydrate binding proteins. It is intriguing how and when plants use these 

lectins in the response to adverse environmental conditions. To broaden our understanding 

of plant stress responses, we need to learn more about these so-called inducible lectins and 

their interaction partners. To determine the endogenous glycan binding partners for the 

Arabidopsis S3 type EUL protein (referred to as ArathEULS3, encoded by At2g39050), 

interaction of the lectin was analysed on microarrays containing plant glycans. These 

analyses revealed specific binding of the ArathEULS3 lectin to maltose oligosaccharides and 

β-glucans. In an attempt to identify interacting protein partners for ArathEULS3 tandem 

affinity purifications (TAP) have been performed using full length ArathEULS3, the lectin 

domain or the uncharacterized N-terminal domain as baits. Both the full length ArathEULS3 

and its N-terminal domain yielded two putative interacting proteins, annotated in the TAIR 

database as: Arabidopsis thaliana embryo-specific protein 3 related proteins ATS3A 

(At2g41475) and ATS3B (At5g62200). Co-localization experiments confirmed that similar to 

ArathEULS3 both ATS3A and ATS3B locate to the cytoplasmic cell compartment. To validate 

the interaction in vivo, Bimolecular Fluorescence Complementation experiments were 

performed on transiently transformed Nicotiana benthamiana plants, and revealed the 

interaction between ArathEULS3 and ATS3B in closed stomata. To evaluate the physiological 

importance of ArathEULS3 for stomatal closure, a stomatal closing assay was performed on 

plant lines with altered ArathEULS3 expression. Plants with reduced ArathEULS3 expression 

revealed an aberrant stomatal closure compared to plants with overexpression of 

ArathEULS3 and control plants. Furthermore, a bacterial infection experiment demonstrated 

that overexpression of ArathEULS3 conferred enhanced resistance against Pseudomonas 

syringae whereas plants with RNAi-silenced ArathEULS3 expression showed the highest 

levels of leaf damage. 

These results provide new insights in the physiological role of the EUL lectin ArathEULS3. 
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4.2 Introduction 

Plants are sessile organisms that cannot escape from adverse conditions. Therefore they 

have evolved intricate mechanisms to defend themselves against stresses such as cold, heat, 

drought, insect herbivory and pathogen attack, resulting in a change of the expression for 

specific genes implicated in protection against these stresses. During the last decade, it has 

become evident that plants also react to environmental stress by enhancing the expression 

of certain lectin genes. The fact that the expression of these new lectins is induced by stress, 

led to the hypothesis that these proteins play a role in the stress physiology of the plant. 

The class of inducible, nucleocytoplasmic lectins comprises a wide range of proteins with 

different carbohydrate-binding motifs (Lannoo and Van Damme 2010) among which the 

recently discovered Euonymus europaeus (spindle tree) lectin (EUL) family (Fouquaert et al., 

2008). This study focuses on the EUL protein from Arabidopsis thaliana, a protein with an 

EUL domain of the S3 type which will further be referred to as the ArathEULS3 lectin. The 

ArathEULS3 sequence is the only sequence containing an EUL domain present in the genome 

of Arabidopsis thaliana (Fouquaert et al., 2008). Recently, ArathEULS3 was expressed in the 

yeast Pichia pastoris and the recombinant protein was characterized. Glycan array analyses 

have proven that ArathEULS3 can be considered a true lectin since it interacts with glycans 

containing Lewis Y, Lewis X and lactosamine motifs (Van Hove et al., 2011). The expression of 

ArathEULS3 in plant tissues is low but stable under normal growth conditions. Based on 

sequence homology to the EULS3 lectin from rice (OrysaEULS3) and from microarray 

experiments, it was hypothesized that the expression is upregulated by environmental cues 

such as drought, ABA and pathogen attack (Moons et al., 1997). These stress stimuli were 

validated by qRT-PCR analyses and the list of known inducing agents for ArathEULS3 

expression was extended with the plant hormone jasmonic acid (Van Hove et al., 2014). Until 

now, however, very little is known about the precise physiological role of EUL lectins in 

general, as is also the case for the EULS3 lectin in Arabidopsis. 

Tandem affinity purification (TAP) is a widely used technique to discover novel protein-

protein interactions and has been used successfully in many biological systems such as yeast 

(Gavin et al., 2002), insects (Forler et al., 2003), human cells (Gingras et al., 2005) and plants 

(Rohila et al., 2006; Rubio et al., 2005; Van Leene et al., 2007). One of the advantages of TAP 
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relates to the fact that this technology involves two consecutive purification steps, which 

assures the removal of many of the aspecifically bound contaminants from the bait (Xu et al., 

2010). In the past decade, the popularity of the tags for TAP in plants has been growing 

steadily. By now, TAP results for a wide variety of different proteins as well as tagged mock-

proteins (e.g. EGFP, GUS) and untransformed cells have resulted in published background 

lists to account for proteins with a tendency to stick aspecifically to the tags (Van Leene et 

al., 2010). The combined benefits of the inherent purity of TAP results and the advanced 

knowledge of tag behaviour make TAP a suitable method to detect novel protein-protein 

interactions (Xu et al., 2010). 

In this chapter we describe the discovery of novel putative interaction partners for the 

ArathEULS3 lectin in Arabidopsis. In search for endogenous glycans interacting with 

ArathEULS3 the carbohydrate binding activity of ArathEULS3 was re-investigated on a glycan 

array predominantly containing plant glycans and oligosaccharides (Pedersen et al., 2012). 

These glycan array analyses were complemented with a search for interacting proteins using 

TAP analyses. The physiological importance of the interaction between ArathEULS3 and its 

interacting partners was evaluated in physiological studies involving the stomatal response 

of Arabidopsis leaves and disease symptom development after Pseudomonas syringae 

infection experiments using transgenic lines with overexpression or reduced expression of 

ArathEULS3. 

 

4.3 Materials and methods 

4.3.1 Plant materials 

Wild type seeds of A. thaliana ecotype Columbia (Col-0) were grown as described in Chapter 

3, Section 3.3.5, ‘Plant materials and growth conditions’. For Pseudomonas syringae 

infection analyses, Arabidopsis plants were grown under 12/12 light/dark conditions to 

enhance leaf development. 

Nicotiana benthamiana plants were sown in pots and kept at 26°C under normal light 

conditions with a 16/8 h light/dark photoperiod. After 3-4 weeks, when the leaves were fully 

expanded, the plants were infiltrated with Agrobacterium suspensions. 
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4.3.2 Cell culture conditions 

A dark-adapted cell suspension culture of A. thaliana ecotype Landsberg erecta was 

obtained from the department of Plant Systems Biology (PSB-D) and was maintained in 

Erlenmeyer flasks in a volume of 100 ml MS medium supplemented with Minimal Organics 

(4.43 g/L MSMO (Sigma-Aldrich, Belgium), 30 g/L sucrose, 0.5 mg/L α-naphthalene acetic 

acid, 0.05 mg/L kinetin, pH 5.7, adjusted with 1 M KOH) at 25°C in the dark with rotational 

agitation at 150 rpm. Cells were subcultured weekly into fresh MSMO medium at a 1:10 

dilution. 

 

4.3.3 Plasmids 

Plasmids harbouring the full length cDNA, coding for ArathEULS3 (At2g39050), ATS3A 

(At2g41475) and ATS3B (At5g62200) were ordered from the Experimental Plant Division 

group within the Department of Biological Systems of the BioResource Center of the RIKEN 

Tsukuba Institute (Ibaraki, Japan) (Seki et al., 1998; 2002). 

 

4.3.4 Construction of TAP-tagged ArathEULS3 constructs 

An entry clone harbouring the full length ArathEULS3 sequence (with and without stop 

codon) was obtained as described in Chapter 2, Section, 2.3.2, ‘Construction of expression 

vectors’. The same procedure was followed to obtain an entry clone habouring the EUL 

lectin domain and an entry clone containing the unrelated N-terminal domain. In case of the 

EUL domain, primers Arath_EULdom-F and Arath_EULdom-F were used. The primers used to 

amplify the N-terminal domain were Arath_Ndom-F and Arath_Ndom-R. Primer sequences 

are shown in Supplemental Table 1. 

The entry clones resulting from the BP reaction were sequenced and used in LR reactions, 

performed according to the manufacturer’s instructions. For C-terminal TAP tagging of the 

full ArathEULS3 protein, the EUL lectin domain and the N-terminal domain, the obtained 

entry clones without stop codon were each recombined in a multisite LR reaction with entry 
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vectors pEN L4-2-R1 and pEN R2-GS-L3, harbouring a 35S promoter site and the GS tag, 

respectively. The destination vector pKCTAP was used, containing a spectinomycin resistance 

gene and a GFP expression cassette to allow screening of the recombinant clones. For N-

terminal TAP tagging of the full ArathEULS3 protein and the EUL lectin domain, a multisite LR 

recombination reaction was performed with each entry clone containing a stop codon, one 

entry vector pEN L4-2-L3 containing a 35S promoter site and the pKNGSTAP destination 

vector bearing the GS tag, a spectinomycin resistance gene and a GFP expression cassette.  

 

4.3.5 Construction of fluorescence tagged ArathEULS3, ATS3A and ATS3B constructs 

A C- or N-terminal fusion construct of ArathEULS3 to EGFP, was created as described in 

Chapter 2, Section 2.3.2, ‘Construction of expression vectors’. 

Coding sequences of ATS3A and ATS3B were amplified and provided with GatewayTM AttB 

sites by PCR as described above using forward primers ATS3A-F or ATS3B-F and reverse 

primers ATS3A-R or ATS3B-R, with or without stop codon in case of a N- or C-terminal fusion, 

respectively. Amplified fragments were cloned in the pDONR221 donor vector (Life 

technologies, Carlsbad, CA, USA) by BP reaction. Resulting entry clones were sequenced 

before being used in LR reactions, performed according to the manufacturer’s instructions. 

Recombination of the ATS3A or -B entry vectors with destination vectors pK7RWG2 or 

pK7WGR2 (Karimi et al., 2002) was performed for C- or N-terminal fusion to RFP, 

respectively. For BiFC assays, a C- or N-terminal fusion construct of ATS3A and ATS3B to a 

part of the Venus fluorophore was made by recombination of the ATS3A and ATS3B entry 

vectors with destination vectors HygII_p35S_GW_VYNE or HygII_p35S_VYNE(R)GW, 

respectively (Gehl et al., 2009). Similarly, C- or N-terminal fusion of ArathEULS3 to the C-

terminal part of CFP (SCYCE) was achieved by recombination of the ArathEULS3 entry clone 

with destination vectors HygII_p35S_GW_SCYCE or HygII_p35S_SCYCE(R)GW (Gehl et al., 

2009). 
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4.3.6 ArathEULS3 overexpression and RNAi constructs 

An expression vector harbouring the full length ArathEULS3 in its native state under control 

of a 35S promoter was generated by recombining the entry clone with the full length 

ArathEULS3 coding sequence with the destination vector pK7WG2 (Karimi et al., 2002). 

Transgenic seeds of RNAi lines for ArathEULS3 of A. thaliana were received from the 

Nottingham Arabidopsis stock centre. 

 

4.3.7 Transformation of Arabidopsis thaliana 

Transformation of A. thaliana plants with an ArathEULS3 overexpression construct was 

performed as described in Chapter 3, Section 3.3.4, ‘Construction of ArathEULS3 

overexpression vector’. 

 

4.3.8 Cell culture transformation with the TAP-tagged ArathEULS3 sequence and tandem 

affinity purification 

The Agrobacterium tumefaciens strain C58C1 PMP90 RifR was transformed by tri-parental 

mating according to the method described by Wise et al. (2006). Subsequently, an 

Arabidopsis PSB-D suspension cell culture was transformed by callus-free Agrobacterium co-

cultivation as described in Van Leene et al. (2007). After 5 days growth in a 1L culture 

volume, the cells were harvested on a glass-sinter filter under vacuum. The obtained cell 

cake was chopped up and ground in liquid N2. The cell powder was stored at -80°C until 

needed. Right before the tandem affinity purification protocol was started, the cell powder 

was divided over 50 ml tubes and resuspended in homogenisation buffer (25 mM Tris-HCl pH 

7.6, containing 15 mM MgCl2, 5 mM EGTA, 150 mM NaCl, 15 mM pNO2PhePO4, 60 mM beta-

glycerophosphate, 0.1% NP-40, 0.1 mM Na3VO4, 1 mM NaF, 1 mM DTT, 1 mM PMSF, 10 

µg/ml leupeptin, 10 µg/ml aprotinin, 5 µg/ml antipain, 5 µg/ml chymostatin, 5 µg/ml 

pepstatin, 10 µg/ml SBTI, 0.1 mM benzamidine, 1 µM E64, 5% ethylene glycol). To each 

falcon 1 ml of acid-washed glass beads (ø 250-500 µm) were added and the 50 ml tubes 

were vortexed 10 times for 30 seconds with intermittent incubations of minimum 30 

seconds on ice. After centrifugation for 10 min at 3,000g, the supernatant was collected. 
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All TAP experiments were performed in duplicate essentially as described by Van Leene et al. 

(2008). Elution fractions from Streptavidin columns were concentrated overnight by 25% 

(v/v, final volume) trichloroacetic acid precipitation. Protein pellets obtained after 

centrifugation (13,000 g, 15 min) were washed twice in ice cold acetone containing 50 mM 

HCl and stored at -80°C until further analysis. 

 

4.3.9 Protein complex identification 

Protein pellets obtained after TCA precipitation were resuspended in 7.5 µl NuPAGE LDS 

sample buffer (4x), after which 3 µl NuPAGE reducing agent (10x) and 19.5 µl nanopure H2O 

were added. Samples were heated to 70°C for 7 minutes before loading on the NuPAGE 

system (Life technologies, Carlsbad, CA, USA). Gradient 4-12% polyacrylamide gels were run 

for 50 minutes at 200 V. Afterwards, gels were first stained with colloidal Coomassie brilliant 

Blue G-250 modified from Candiano et al. (2004). Gels were fixed in a solution of 50% EtOH 

and 2% H3PO4 for 2 hours. Next, gels were washed 3 times for 20 minutes with ultrapure H2O 

and afterwards incubated for 30 minutes in staining solution (17% (NH4)2SO4, 34% MeOH, 

3% H3PO4). Hereafter, 1g/L Coomassie Brilliant G-250 powder was added very slowly to the 

staining solution to avoid precipitation and staining was allowed to proceed for 48 hours. 

Next, gels were treated to achieve protein disulfide bridge reduction (6.66 mM 

Dithiothreitol, 0.05 M NH4HCO3) and cysteine residue alkylation (55 mM Iodoacetamide, 

0.05 M NH4HCO3). Gel lanes were sliced and transferred to a 96-well plate, in which the 

proteins were trypsinized. Proteolysis and peptide isolation, acquisition of mass spectra by a 

4800 MALDI TOF/TOF Proteomics Analyzer (AB SCIEX), and mass spectrometry–based 

protein homology identification based on the TAIR genomic database were performed as 

described in Van Leene et al. (2010). Experimental background proteins were subtracted 

based on about 40 TAP experiments with wild-type cultures and cultures expressing TAP-

tagged mock proteins GUS, RFP, and GFP (Van Leene et al., 2010). 
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4.3.10 Western blot analysis 

For Western blot analysis, samples separated by SDS-PAGE were electrotransferred to 0.45 

µm polyvinylidene fluoride (PVDF) membranes (BiotraceTM PVDF, PALL, Gelman Laboratory, 

USA). After blocking the membranes in Tris-Buffered Saline (TBS: 10 mM Tris, 150 mM NaCl 

and 0.1% (v/v) Triton X-100, pH 7.6) containing 5% (w/v) non-fat milk powder, blots were 

incubated for 1 h with a rabbit polyclonal anti-EUL antibody, diluted 1/500 in TBS. The 

secondary antibody was a 1/1000 diluted goat anti-rabbit IgG labelled with horseradish 

peroxidase (Dako Cytomation, Glostrup, Denmark). Immunodetection was achieved by a 

colorimetric detection using 3,3’-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St. 

Louis, Missouri, USA) as a substrate. 

 

4.3.11 Plant glycan array 

Glycan arrays equipped with 123 different carbohydrates of predominantly plant origin were 

kindly donated by Prof. WGT Willats (Department of Plant Biology and Biotechnology, 

University of Copenhagen, Denmark) (Pedersen et al., 2012). The arrays contained two 

groups of plant glycan structures: glycans 1 to 56 represented mostly plant polysaccharides, 

while glycans 57-123 were predominantly plant oligosaccharides. Supplemental Table 5 gives 

an overview of the glycans present on the array. All glycans were spotted on the arrays in 

three concentrations. Polysaccharides were spotted at 1 mg/ml, 0.2 mg/ml and 0.04 mg/ml, 

while oligosaccharides were spotted at 2 mg/ml, 0.4 mg/ml and 0.08 mg/ml concentrations. 

Each array contained in total two technical replicates of the entire spot-set. 

Arrays were blocked for 1h in 1x PBS with 3% BSA. Next, arrays were probed for 2h with 50 

µg of the purified ArathEULS3 lectin, dissolved in 250 µl blocking buffer. Arrays were then 

washed 3x for 2 min in blocking buffer, prior to incubation with the primary antibody 

(polyclonal anti-EUL, raised in rabbit) for 1h. Arrays were again washed 3x for 2 min and 

were incubated with the secondary antibody (goat-anti-rabbit, coupled to alkaline 

phosphatase) for 1h. After three final washes for 2 min each, the arrays were developed in a 

5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium buffer, made by dissolving a 

SIGMAFAST® BCIP/NBT (Sigma-Aldrich, Zwijnaarde, Belgium) tablet in distilled H2O. When 

spots became visible, the reaction was terminated by incubation in distilled H2O. Arrays were 
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scanned at 1200 dpi with a flatbed scanner (Canoscan Lide 25, Canon, Diegem, Belgium) and 

spot intensities were measured with the Microarray Profile plugin (by R. Dougherty and W. 

Rasband) for the freeware imaging software package ImageJ. Background intensities were 

measured in the immediate vicinity of the array spots. After substraction of the local 

background for each spot, the spots were ranked from strong to weak based on resulting 

intensities. The significance cut-off was set at a value equal to the background corrected 

intensity of the highest scoring blank spot plus the standard error on all blank spot corrected 

intensities on the array. 

 

4.3.12 RNA extraction, cDNA synthesis and quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) 

RNA extractions, cDNA synthesis and qRT-PCR were performed as described in Chapter 3, 

Section 3.3.15, ‘RNA extraction, cDNA synthesis and quantitative reverse transcription 

polymerase chain reaction (qRT-PCR)’. Primers used are listed in Supplemental Table 2. 

 

4.3.13 Analysis of fluorescence-tagged ArathEULS3 and ATS3A/B constructs 

Nicotiana benthamiana leaves were double transformed transiently with a 1:1 mixture of 

two Agrobacterium strains, each adjusted to OD600 of 0.1. Three days post-infiltration, the 

leaves were cut and the infiltrated part of each leaf was analyzed microscopically. Images 

were recorded with a Nikon A1R confocal laser scanning microscopy system (Nikon 

Instruments Inc., Melville, NY, USA) mounted on a Nikon Ti-E inverted epifluorescence 

microscope. A Plan Fluor 40× dry objective (NA 0.6) was applied. For co-localization assays, 

RFP was excited with a 543.5 nm Helium Neon laser (Melles Griot, Albuquerque, New 

Mexico, USA), while GFP was excited with a 488nm Argon laser (Nikon). The emitted light 

was detected through a 585/65 nm and a 525/50 nm bandpass filter, respectively. For BiFC 

assays, samples were excited with a 488 nm Argon laser and detected through a 525/50 nm 

bandpass filter. In both assays, autofluorescence was visualized with the 488 nm excitation 

Argon laser and detection was performed through a 700/75 nm bandpass filter. Depth 

recordings over multiple optical slices (pinhole size: 1AU, voxel depth: 1 µm) were made into 
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image stacks. Images were processed with the NIS-Elements 3.2 software and an open-

source version of ImageJ, Fiji (W. Rasband, National Institutes of Health, Bethesda, MD, 

USA). 

Co-localization was quantitatively analysed by calculation of Pearson correlation coefficients 

for each image slice with JaCoP, a plugin for the freeware imaging software package ImageJ 

(Bolte and Cordelières, 2006). Additionally, intensity line plots were generated for the red 

and green channel over a linear Region Of Interest (ROI). Costes randomization tests (1000 

iterations) were performed to determine the dynamic range of the co-localization. As a 

negative control, images of leaves partially transformed with only an EGFP- or RFP-fusion 

construct were analysed with the same settings.  

 

4.3.14 Stomatal movement assay 

Leaves were excised from 4-5 week old plants and incubated for 2h in opening solution (10 

mM MES, 50 mM KCl, 10 µM CaCl2, pH 6.2). Afterwards, leaves were placed on a piece of 

tape with the abaxial side facing up. With a scalpel, a small incision was made which allowed 

peeling off part of the leaf epidermis with a forceps. This epidermal peel was placed inside a 

small chamber made with adhesive tape on a microscopy slide and was covered with a cover 

slip (0.17 mm thickness). This chamber was filled completely with opening solution before 

stomata images were recorded. Figure 4.1 shows the design of this chamber. Imaging was 

performed with a Nikon Ti widefield microscope equipped with a regular CCD camera (D1-

U1). A dry 40x objective lens (NA 0.60) with correction collar was used. After imaging, the 

solution in the chamber was removed with absorbing paper and exchanged with a solution 

of 100 µM ABA (diluted from a stock solution of 100 mM ABA in opening solution). After 

incubation for 30 minutes, images of the leaf stomata were again recorded using the same 

microscope settings. From the recorded images, stomata were selected and the major and 

minor axis of the elliptical stomatal pore were measured. The ratio between the minor and 

major axis was calculated for each stoma as a measure of stomatal opening. The more open 

the stoma, the more the ratio will approach 1, since in that case the stomatal pore 

approximates a circle. Since the minor axis of the stomatal pore ellipse approaches 0 when 

the stoma is closed, the ratio will approach 0 as well (Roelfsema et al., 1995). Mean ratios 
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were compared within the same samples before and after ABA treatment to assess stomatal 

closure. Statistical analyses were performed with statistical analysis software package S-

PLUS version 8.2 (Insightful Corporation, Seattle, WA). The Kolmogorov-Smirnov test was 

performed to assess normal distribution. The Modified Levene Test was performed for 

comparison of variances. Means were compared with the two-sample t-test. 

This experimental procedure was performed five times on multiple leaves originating from 

ArathEULS3 overexpression/RNAi-silenced/WT-control plants with a minimal recording of 30 

stomata per biological replication. 

 

 

Figure 4.1: Design of the microscopy incubation chamber for stomatal aperture measurements. The 

chamber walls are shown in yellow. The epidermal peel containing living stomata is shown in brown. 

The microscopy slide and cover slip is indicated as a large and smaller black rectangle. The opening 

solution which was introduced in the chamber prior to measurements is indicated in blue. The ABA-

containing closing solution is pipetted into the chamber (green arrow) while the opening solution is 

simultaneously removed through absorbtion with a filter paper (blue arrow). 

 

4.3.15 Pseudomonas syringae infection experiments 

Pseudomonas syringae pv tomato DC3000 was grown as described in Chapter 3, Section 

3.3.13, ‘Abiotic stress experiments’. 

Thirty individually grown five week-old plants were inoculated with either the infection or 

the mock solutions by spraying the rosette leaves until run-off. A comparative analysis was 

made between transgenic lines overexpressing (OE) ArathEULS3 or with reduced ArathEULS3 

expression (RNAi) and a Wild Type (WT) control plants. One day before treatment up till 2 

days after bacterial infection, the plants were maintained at 100% relative humidity to 

increase the infection efficiency. During infection, the plants were maintained in a controlled 

Conviron growth chamber at 21°C with a 12/12 h light/dark photoperiod. Infected plants 

were separated from mock treated plants. 
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At 1, 2, 3 and 4 days post infection, a total of 700 fully expanded rosette leaves were cut off 

at the petiole and scanned on a flatbed scanner (Canoscan Lide 25, Canon, Diegem, Belgium) 

at a pixel resolution of 1200 dpi. The images were cropped to one leaf per image with the 

freeware imaging software package ImageJ. Leaf damage was calculated with the disease 

assessment program APS Assess 2.0 (Lamari, 2008) which exploits among others image 

differences in Hue, Saturation, Intensity or Value to measure disease symptoms. Total leaf 

surfaces were measured in the saturation plane of the HSI color space with 33 and 200 as 

low and high threshold values, respectively. Lesions were detected in the hue plane of the 

HSI color space with 31 and 110 as low and high threshold values. Leaf damage was 

calculated as the % disease to the total leaf surface. Since data were normally distributed, 

statistically significant differences were assessed with ANOVA (p<0.05). 
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4.4 Results 

4.4.1 Plant glycan array analysis 

To identify the plant carbohydrates that interact with ArathEULS3 a glycan binding analysis 

was performed using a glycan array with 123 different carbohydrates, mainly of plant origin. 

Probing of the arrays was performed with the full length ArathEULS3 purified from both P. 

pastoris. or from A. thaliana suspension cells expressing the same construct. The binding 

analysis resulted in a clear dot pattern on the arrays after detection with an antibody 

specifically directed against the EUL domain (Figure 4.2). The technical replications on the 

arrays yielded almost identical patterns. 

 

 

Figure 4.2: Left. Grayscale image of a plant glycan microarray tested against the full length 
ArathEULS3 protein purified from Arabidopsis suspension cells. In blue an example of a linear Region 

Of Interest (ROI) and corresponding intensity graph is shown. Black triangles indicate columns of Ink 

spots. The dashed line indicates the border between the replicated halves of the array. Right. ImageJ 

plugin “Microarray Profiling” grid drawn over the 32-bit scanned image. Each circular ROI (shown in 

yellow) is measured and an average intensity value is generated. Next to each spot, a background 

measurement is performed which is compared to the spot itself. The highest scoring spots are those 

with the biggest difference in intensity compared to the local background. 
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Quantitative image analyses of the array dot patterns revealed that ArathEULS3 purified 

from P. pastoris and A. thaliana suspension cells have a strong preference for maltose 

oligosaccharides. The ArathEULS3 purified from A. thaliana cells appears to have a higher 

binding activity compared to the recombinant protein purified from the yeast. Maltose 

oligosaccharides rank in following order: maltotriose > maltoheptaose > maltopentaose > 

maltotetraose > maltose. The lectin also showed reaction with β-glucans and chitin-

derivatives, though this interaction was considerably lower compared to the reaction with 

maltose oligomers. Similar glycan array analyses performed after addition of 100 mM 

maltose to the ArathEULS3 incubation buffer resulted in a dramatic decrease in reactivity of 

the lectin on the array. Only a very slight reaction remained in the spots corresponding to 

maltotriose (Figure 4.3). Figure 4.4 shows all glycans ranked from highest to lowest 

interaction activity for the A. thaliana purified ArathEULS3.  

 

 

Figure 4.3: Grayscale image of a glycan array probed with ArathEULS3, purified from A. thaliana 

suspension cells, inhibited with 100 mM D-(+)-maltose during the binding phase. Black triangles 

indicate a very weak signal for the spots corresponding to maltotriose. 
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4.4.2 Bait recovery during tandem affinity purification on the ArathEULS3 protein  

ArathEULS3 (total calculated molecular mass 35.6 kDa) is a chimeric protein consisting of an 

N-terminal domain with unknown function (18.3 kDa) and a C- terminal carbohydrate-

binding domain (17.3 kDa). The full length ArathEULS3 protein was tagged N- or C-terminally 

with the GS tag which consists of an Immunogoblin G binding peptide and a Streptavidin 

binding peptide separated by one or two TEV protease cleavage sites (N-terminal tag: 20.6 

kDa, C-terminal tag: 22.0 kDa) (Figure 4.5), and was optimized for plant tandem affinity 

purifications (Van Leene et al., 2008). 

 

Figure 4.5: Overview of the TAP constructs. A: Constructs made for the full length ArathEULS3, N-

terminally (left) and C-terminally tagged (right). B: Constructs for the EUL lectin domain, N-terminally 

(left) and C-terminally (right) tagged. C: the C-terminally tagged N-terminal domain of the 

ArathEULS3 protein. ProtG: IgG binding domain of Protein G; TEV: Tobacco Etch mosaic Virus protein 

cleavage site; SBP: Streptavidin Binding Peptide; N-dom: Uncharacterized N-terminal domain of 

ArathEULS3; EUL: Euonymus lectin domain of ArathEULS3. 

To evaluate the performance of the TAP purifications in terms of tagged bait protein 

recovery, different fractions were analyzed by Western blot with a polyclonal anti-EUL 

antibody. Figure 4.6A shows a Western blot with fractions of interest from the TAP 

purification of the N-terminally tagged full length ArathEULS3. Similar gel patterns were 

observed for the TAPs which were performed on the C-tagged ArathEULS3 protein (data not 

shown). 

Figure 4.6B shows a typical Coomassie G staining pattern for the protein fraction that was 

finally eluted from the streptavidin column in a TAP experiment. The strong band with a 

molecular mass between 36 and 50 kDa corresponds to the ArathEULS3 protein attached to 

the remainders of the GS-tag after TEV cleavage, which accounts for a 41.8 kDa polypeptide. 

 

N-dom EULSBPTEVProtGProtG

SBPTEVProtGProtG EUL SBP TEV ProtG ProtGTEVEUL

N-dom SBP TEV ProtG ProtGTEV

N-dom SBP TEV ProtG ProtGTEVEULA

B

C
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Figure 4.6: A: Western blot analysis of protein fractions resulting from the TAP analysis on the full 
length ArathEULS3, N-terminally tagged with the GS tag. 10 µl of protein was loaded unless stated 

otherwise and blots were detected with a rabbit polyclonal antibody raised against the EUL lectin 

domain. Lane 1: Molecular weight marker SM0671 (Fermentas), 2 and 3: Crude cell extract (5 and 10 

µl of protein loaded on gel respectively), 4 and 5: Unbound fraction to IgG beads (5 and 10 µl of 

protein loaded on gel respectively), 6: Size shifted elution fraction from IgG beads, 7: Remainder on 

IgG beads, 8: Unbound fraction to Streptavidin beads, 9: Elution fraction from Streptavidin beads, 10: 

Remainder on Streptavidin beads. B: Coomassie G stained gel of the final elution fractions of the TAP 

on the N-terminally GS-tagged ArathEULS3 protein, performed in duplo (lane 2 and 3). Lane 1: 

SeeBlue-Plus molecular weight marker (Invitrogen). The black triangle indicates the bait protein with 

a post-TEV cleavage size corresponding to 41.8 kDa. The red and yellow triangles indicate the 

expected position of ATS3A and ATS3B respectively, based on the calculated molecular weight. 

 

4.4.3 Tandem affinity purification of the full length ArathEULS3 protein yields two novel 

interactors 

Tandem affinity purifications have been performed in duplicate in which the full length 

ArathEULS3 protein was either N- or C-terminally tagged to the GS-tag. All TAPs performed 

on the full length ArathEULS3 protein, both N- or C-terminally tagged with the GS-tag, 

resulted in the identification of the ATS3A and ATS3B protein with gene locus At2g41475 and 

At5g62200, respectively (Table 4.1; Supplemental Table 6). Figure 4.7 shows a sequence 

alignment of the two identified proteins and indicates the position of the unique peptides 

that resulted in the identifications of the proteins. Both ATS3A and ATS3B protein sequences 

have an N-terminal signal peptide and contain a conserved PLAT domain. 
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Table 4.1: Overview of the identifications of the ATS3-related proteins with locus number At2g41475 

and At5g62200 for all performed tandem affinity purifications. N and C indicate that the GS-tag was 

fused to the N- or C-terminus of the given sequence respectively. ++, +- and -- indicate that the 

protein was identified in both, one or none of the two replicates respectively. The N-terminal domain 

was only fused C-terminally to the GS-tag. 

 

 

 

Figure 4.7: ClustalW Alignment (Thompson et al., 1994) of the putative interactors for the 

ArathEULS3 protein At2g41475 and At5g62200. Matching amino acids are marked with an asterisk, 
homologous amino acids are indicated with dashes. Dots refer to conserved amino acid changes. The 

unique peptides identified in MS/MS spectra are underlined. The putative signal peptides (SignalP, 

http://www.cbs.dtu.dk/services/SignalP/) are shown in bold; the conserved PLAT domain is shown in 

grey. 

 

4.4.4 ATS3A and ATS3B interact with the N-terminal domain of the ArathEULS3 protein 

To determine which protein domain of ArathEULS3 is responsible for the interaction with the 

ATS3A and –B proteins, TAPs were also performed using the two individual domains of the 

ArathEULS3 protein as a bait. The EUL lectin domain was N- or C-terminally tagged whereas 

for the N-terminal unrelated domain only a C-terminal fusion construct with the GS-tag was 

made (Figure 4.5). Only the TAP experiments performed with the N-terminal domain of 

ArathEULS3 as a bait, yielded the ATS3A and ATS3B proteins (Table 4.1). 

 

GS-Tag location N C N C N C

At2g41475 (ATS3A) ++ ++ NA +- -- --

At5g62200 (ATS3B) ++ ++ NA ++ -- --

ArathEULS3 full length
Unrelated N-terminal 

domain
EUL lectin domainSequence

At2g41475       MLRLAIPLFLFALCSFTLFSSARSFITTKPLPIDSFIPKPKLENAAACSYTVIIKTSCSS  60 
At5g62200       MASVRLFFTLISFVFIISTSVYESKVLDPPHVAESFNVSLIQKLGNTCAYTVIISTSCSS  60 
                *  : : : *:::  :   *  .* :   *   :**  .   : . :*:*****.***** 
 
 
At2g41475       VSYTRDKISISFGDVYGNEVYVKRLDDPSSRTFEKCSSDTYKISGPCMRDVCYLYLLRQG  120 
At5g62200       TRYTRDQISVAFGDGYGNQIYAPRLDDPSTKTFEQCSSDTFQINGPCTYQICYVYLYRSG  120 
                . ****:**::*** ***::*. ******::***:*****::*.***  ::**:** *.* 
 
 
At2g41475       SDGWKPENVKIYGSSIRSVTFYYNLFLPNSVWYGFNVCNGIGNTKSSQPISTTSSVAAM-  179 
At5g62200       PDGWIPNTVKIYSHGSKAVTFPYNTYVPESVWYGFNYCNSASDS-NVLAIGLRRSVIILL  179 
                .*** *:.****. . ::*** ** ::*:******* **. .:: .  .*.   **  :  
 
At2g41475       -----------        190 
At5g62200       GFVVAGTTLLL         190 
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4.4.5 Comparative expression analysis of ATS3A-B and ArathEULS3 during plant 

development 

To gain a better insight in the expression behaviour of ATS3A and ATS3B, their expression 

was analyzed and quantified in different tissues collected from multiple developmental 

stages of Arabidopsis. These data were compared to the expression values observed for 

ArathEULS3. Figure 4.8 shows the relative expression of ArathEULS3 and ATS3A/-B in 

different tissues during development of A. thaliana compared to the expression in 6 day old 

plantlets. The expression of ArathEULS3 and both ATS3A and ATS3B is relatively stable 

during development, showing only minor deviations in the expression level. In general, it can 

be concluded that the overall expression patterns for ArathEULS3 and the two putative 

interaction partners are very similar during several developmental stages. Hence there is no 

objection against a possible interaction between ArathEULS3 and ATS3A/B. In most tissues 

analyzed, ATS3A and ATS3B showed an expression level comparable to the reference gene 

PP2A, which is ranked as a medium to high expressor in Genevestigator (Hruz et al., 2008). 

 

Figure 4.8: qRT-PCR analysis of ArathEULS3, ATS3A and ATS3B expression at different time points 

during development of Arabidopsis thaliana under normal growth conditions. Bars represent mean 

expression levels from two biological and three technical replicates with each biological replicate 
containing a pool of several plants. Data are shown as relative expression levels, compared with the 

expression in 6 day-old plantlets (control). Gene expression levels were normalized using three 

internal reference genes, UBC-9, PP2A and a TIP41-like protein. *: significantly different from the 

control group (REST analysis, p < 0.05). 
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4.4.6 Co-localization of ArathEULS3 and ATS3A and -B 

Microscopical analyses were performed to study the localization patterns for ArathEULS3 

and ATS3A/B in the cell. Figure 4.9 shows images of an epidermal cell expressing both 

ArathEULS3-EGFP and ATS3A/B-RFP. Simultaneous presence of both ArathEULS3 and 

ATS3A/B can be qualitatively observed as the resulting orange color when the green and red 

signals overlap. A line plot analysis shows how the EGFP signal peaks in the cell periphery 

and inside the nucleus. Similarly, the peaks in the RFP curve show maximal intensity at the 

cell periphery and in the nuclear region. From the line plot it can be concluded that 

ArathEULS3-EGFP fluorescence is homogeneously present in the nucleus as was previously 

described (Van Hove et al., 2011), while ATS3A/B-RFP fluorescence is especially observed in 

the outer nuclear region. Pearson’s coefficients were calculated over a ROI surface shaped to 

the epidermal cell to be analyzed. The average co-localization value of ArathEULS3 and 

ATS3A was 0.730 ± 0.032 (n=18 images), whereas for co-localization of ArathEULS3 and 

ATS3B this value amounted to 0.685 ± 0.025 (n=16 images). A Costes randomization analysis 

revealed that the PC obtained on the original images was significantly higher than the PC 

obtained after randomization of one of the images (p = 0.05) which indicates that the 

observed PC values are specific in suggesting colocalisation. Pearson’s coefficients in this 

range normally indicate a high degree of co-localization (Bolte and Cordelières, 2006). 

However, since the observed red fluorescence was generally weak, caution should be taken 

when interpreting these values since Pearson coefficients are very sensitive to noise. 

Negative control samples consisted of partially transformed cells exhibiting only red or green 

fluorescence. Low Pearson coefficients (<0.25) were generated from these images. As a 

positive control, leaf cells transformed with a Histone2A-RFP and a Nicotiana tabacum 

agglutinin-EGFP fusion construct were analyzed, proteins which have both been reported to 

be localized in the nucleus (Delporte et al., 2014). These images yielded high Pearson 

coefficients (>0.75) on the nuclear ROI.  
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Figure 4.9: Confocal images of ArathEULS3 and ATS3A/B in transiently transformed N. benthamiana epidermal cells. Upper part A: ArathEULS3-EGFP B: 

ATS3A-RFP C: Merged image D: Line diagram of the pixel intensity over a linear ROI. Lower part E: ArathEULS3-EGFP F: ATS3B-RFP G: Merged image H: Line 

diagram of the pixel intensity over a linear ROI. The linear ROI used to generate the line diagram spans one cell and is highlighted in yellow. The nucleus (N) 

is designated with a yellow triangle. Scale bars represent 50 µm. Plan Fluor 40× dry objective (NA 0.6), RFP/EGFP excitation: 543.5/488nm, thickness of the 

optical section: 1µm.  
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4.4.7 BiFC analysis confirms interaction between ArathEULS3 and ATS3B 

To confirm the in vivo interaction between ArathEULS3 and ATS3A/B, a BiFC experiment was 

performed in transiently transformed leaves of N. benthamiana plants. Therefore the 

ArathEULS3 protein was fused to a non-fluorescent part of CFP (SCYCE), while ATS3A and 

ATS3B were fused to a part of Venus (VYNE) (Gehl et al., 2009). If interaction between the 

two proteins occurs, complementation of the fluorophore is possible, resulting in a green 

fluorescent signal after excitation with blue laser (λ = 488 nm). Figure 4.10 shows the BiFC 

result for ArathEULS3 and ATS3B. Fluorescence was not detected in epidermal cells, but was 

observed especially in the guard cells of closed stomata. Guard cells of open stomata did not 

show any fluorescence. Despite multiple repetitions of this experiment for ATS3A, no BiFC 

fluorescence could be detected. For the negative control, image acquisition with the same 

device settings was performed on leaves, mock transformed with a wild-type Agrobacterium 

strain. These images yielded no green fluorescence. 

 

 

Figure 4.10: BiFC analysis of ArathEULS3-SCYCE and ATS3B-VYNE in transiently transformed N. 

benthamiana leaves co-infiltrated with an Agrobacterium strain harbouring constructs for 
ArathEULS3-SCYCE and ATS3B-VYNE. The three panels represent independent repeats. Scale bars 

represent 15 µm. Plan Fluor 40× dry objective (NA 0.6), BiFC excitation: 488nm (Argon laser); 

detection through 525/50nm bandpass filter, thickness of the optical section: 2µm. 
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4.4.8 Stomatal movement assay 

To assess the effect of ArathEULS3 expression level on stomatal movement, epidermal peels 

were removed from leaves of wild type Arabidopsis Col-0 plants as well as transgenic lines 

with altered ArathEULS3 expression. The overexpression line used in this experiment 

exhibited on average a 35-fold higher expression than WT control plants. The RNAi silenced 

line showed on average a 15-fold lower expression than WT plants. The opening of the 

stomata in the epidermal peels was measured under the microscope before and after 

incubation in a stomatal closing solution containing ABA. The result of this experiment is 

shown in Figure 4.11. Opening ratios of stomata in leaves of control plants and plants with 

overexpression of ArathEULS3 were significantly different before and after ABA treatment, 

but the opening ratio was very similar for WT and OE plants. On the contrary stomata of 

leaves of transgenic lines with reduced expression of ArathEULS3 exhibited a decreased 

opening ratio before treatment, compared to OE and WT plants. Moreover, opening ratios 

also remained unaltered after ABA treatment, and were again significantly different from 

opening ratios observed for stomata in OE and WT plants. 

 

 

Figure 4.11: ABA responsiveness of living stomata in epidermal peels of leaves from transgenic lines 

with overexpression or reduced expression of ArathEULS3, compared to control plants. Bars 
represent stomatal opening ratios (ratio between short and long stomatal axis) before and after ABA 

treatment for 30 minutes. WT: Wild type control; OE4: ArathEULS3 overexpression line 4; RNAi3: 

ArathEULS3 RNAi-silenced line 3. Error bars represent the standard error of the mean. Different 

letters indicate statistically significant differences (p<0.05, Two-sample T-test). 
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4.4.9 Pseudomonas syringae infection analysis 

Wild type Arabidopsis plants Col-0 as well as Arabidopsis plants with altered expression of 

ArathEULS3 were infected with the hemibiotrophic plant pathogen Pseudomonas syringae 

DC3000 pv. tomato. The bacterial infection of the plants invariably resulted in a yellowing of 

the leaves, followed by the progressive development of lesions. To quantify the amount of 

damage due to pathogen infection, leaves were cut at 1, 2, 3 and 4 days post-infection and  

lesion areas were measured. The average percentage of leaf damage per time point for 

ArathEULS3 overexpression line 4, RNAi silenced line 3 and a wild type control is shown in 

Figure 4.12. At day 1 and 2 post-infection no significant differences were observed for the 

transgenic lines and the control (wild type) plants, although slight damage (from 0.4% to 

1.7%) was observed. At 3 dpi, significant differences between all the lines were apparent. 

ArathEULS3 OE plants showed the lowest level of damage (12%) while RNAi plants suffered 

most (25%) and WT plants show intermediate lesion development (17%). At 4 dpi, lesion 

sizes have increased for all plant lines. However, while the difference in percentage of leaf 

damage between RNAi and WT plants has disappeared (38% and 35% respectively), the 

lesion percentage in leaves of OE lines is significantly different from both of them (19%). 

 

Figure 4.12: Development of disease symptoms after Pseudomonas syringae infection of transgenic 

lines with overexpression or reduced expression of ArathEULS3, compared to control plants. Bars 

represent the average percentage of lesion damage per leaf. Different letters represent statistically 

significant differences (Kruskal-Wallis Test, p<0.05). 
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4.5 Discussion 

4.5.1 Novel carbohydrate specificity for ArathEULS3 

In Chapter 2, the carbohydrate binding activity of the purified recombinant ArathEULS3 and 

its lectin domain was analyzed towards glycans of predominantly non-plant origin. In an 

attempt to discover the endogenous glycan binding partners for ArathEULS3, a plant glycan 

array analysis was performed with recombinant full length ArathEULS3 expressed in and 

purified from P. pastoris as in the previous study (Van Hove et al., 2011) or recombinant 

protein obtained from Arabidopsis thaliana suspension cells. The latter protein was 

expressed and purified to exclude any potential effect on the protein activity due to 

misfolding or post-translational-modification aberrations within the yeast background. 

However, both recombinant proteins revealed a very similar reactivity on the plant array. 

Maltose oligomers showed a consistently high reaction with ArathEULS3 on the array. In 

Arabidopsis, maltose and malto-oligosaccharides are predominant degradation products of 

starch. In leaf mesophyll cells, starch degradation takes place during the night in the stroma 

of the chloroplasts, after which maltose is exported by maltose exporter 1 (MEX1) (Streb et 

al., 2012). However, malto-oligosaccharides cannot pass the chloroplast envelope and 

remain inside until degraded to the disaccharide level (Rost et al., 1996). Once inside the 

cytosol, maltose acts as an osmolyte and can be further processed into malate2- (Kwak et al., 

2008). 

Although malto-oligosaccharides were at the top of the list of glycans that interacted with 

ArathEULS3, the plant glycan array analysis further also revealed a less strong, but still 

significant binding activity towards other oligosaccharides containing glucose. Cellulose 

degradation products or building blocks such as cellotetraoses,-pentaoses and -hexaoses as 

well as glucotetraoses have consistently high scores on the array (Guerriero et al., 2010). 

During cell wall biosynthesis, polysaccharides and glycoproteins are synthesized and 

accumulated in the Golgi, and are deposited via vesicles at the plasma membrane. Even 

though the details remain obscure, it is known that cellulose biosynthesis occurs at the 

plasma membrane in large complexes, visible as rosette-like structures (Keegstra, 2010). 

Even though it has not been conclusively proven, it is generally accepted that cellulose 

synthesis occurs at the cytoplasmic side of the plasma membrane (Guerriero et al., 2010). 
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This would theoretically allow interaction of ArathEULS3 with the β-(1->4)-glucan chains with 

which interaction was shown on the glycan array. 

 

4.5.2 ATS3A and ATS3B interact with the N-terminal domain of ArathEULS3 

Tandem affinity purification experiments were performed for the full length ArathEULS3 

protein as well as its individual domains, C- or N-terminally tagged with the GS tag. All 

independent TAP replications performed with the full length protein and the N-terminal 

domain yielded the same interaction partners ATS3A and ATS3B, both identified with >99% 

confidence. Taking into account that TAP results only yield interactions which are able to 

withstand the purification procedure, this result indicates that the interactions between 

ArathEULS3 and ATS3A/B are stable and withstand the complex purification procedure. 

Interestingly the ATS3 target proteins were both completely absent in the TAP experiments 

using the EUL lectin domain as the bait, even at lower confidence levels, indicating that the 

binding occurs somewhere on the N-terminal domain of the ArathEULS3 protein and hence 

is probably not a protein-carbohydrate interaction. The N-terminal domain of ArathEULS3 

does not exhibit significant homology towards any known protein or protein domain. Since 

the N-terminal domain contains no known motifs, it is at this moment difficult to propose a 

putative site for interaction between ArathEULS3 and ATS3A/B. 

Regardless of the benefits of TAP as a discovery tool for novel interactions, the results are 

invariably obtained in an in vitro environment. During extraction prior to TAP, cells are 

broken and the natural compartmentalization is annihilated. Moreover, the use of artificial 

promoter constructs nullifies any temporal or conditional requirements regarding the 

synthesis of the protein of interest. It is therefore advisable to verify these in vitro 

interactions in an in vivo setup. Fulfillment of any temporal requirements for an interaction 

to occur can be verified by expression analysis of the genes which code for the putative 

interactors. Co-localization assays are a useful tool to confirm that proteins are indeed 

present in the same cell compartment and are thus allowed to interact with each other 

spatially. In addition, Bimolecular Fluorescence Complementation (BiFC), a technique to 

fluorescently visualise the putative interaction, is often used as an independent approach to 

confirm protein-protein interactions in vivo (Kerppola, 2008). 
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4.5.3 An interaction of ArathEULS3 and ATS3B in closed stomata 

BiFC was performed using the C-terminal part of CFP and part of the fluorophore Venus, 

each tagged to the putative interaction partners. The BiFC analysis revealed the interaction 

between ArathEULS3 and ATS3B and thus could confirm the in vitro interaction observed in 

the TAP analysis. For ATS3A no such confirmation could be achieved thus far. Strikingly, the 

interaction is restricted to a certain cell type, namely the guard cells surrounding the 

stomatal pore. Moreover, fluorescence and thus interaction between ArathEULS3 and ATS3B 

was only detected in guard cells of closed stomata. This result not only confirms that there is 

a physiological relevance to the in vitro interaction between ArathEULS3 and ATS3B, but it 

also indicates that this interaction is dependent on yet unknown requirements which can 

only be fulfilled in stomata. Mock-transformed control leaves imaged with the same settings 

yielded no fluorescence. Ideally, negative controls with proteins that are not expected to 

interact with ArathEULS3 should be performed as well. BiFC is a technique which may lead to 

false positive results especially when protein expression is very high and when proteins are 

spatially restricted to a small area, such as the nucleus. In our experiments, we did not 

expect such effects to occur since ATS3 expression was usually low and the visualised BiFC 

occurred at the cell periphery. 

A series of co-localization analyses have been performed in transiently transformed 

Nicotiana benthamiana leaves co-infiltrated with Agrobacterium strains harbouring 

constructs encoding green fluorescently tagged ArathEULS3 and red fluorescent protein 

tagged ATS3A and ATS3B. The Pearson correlation coefficients calculated from the images 

appeared high, which would suggest a strong co-localization. However, some considerations 

need to be taken into account. First, RFP signals were usually rather low, which has an 

impact on the Pearson correlation coefficient since it is susceptible to noise. This may lead to 

an overestimation of the real correlation between the fluorophores. Second, both ATS3 

proteins contain an N-terminal signal peptide, which directs these proteins to the secretory 

pathway. Microscopy results of N-terminal fusion constructs need to be interpreted very 

cautiously since it is possible that the signal peptide is not recognized during protein 

synthesis, leading to misdirection of the protein. It is also possible that the signal peptide can 

still be recognized and cleaved off during protein synthesis in the ER which could possibly 

lead to the presence of a free EGFP tag. Moreover, the SUBA localization database indicates 
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that these proteins could be located at the plasma membrane. In plant cells, the plasma 

membrane and cytoplasm are very hard to distinguish using light microscopy as was 

performed in our experiments. Taking all these experimental limitations into account, it 

cannot be concluded that ArathEULS3 and ATS3A/B proteins co-localize in epidermal leaf 

cells. Unfortunately, no guard cells expressing both ArathEULS3-EGFP and ATS3-RFP fusion 

constructs were found. Since BiFC was observed in this cell type, it would be interesting to 

investigate whether a different localization would occur in these cells. 

Stomatal guard cells react to environmental stresses such as drought by closing the stomata 

under influence of ABA regulated Ca2+ signaling (Kwak et al., 2008). During the phase of 

stomatal closing, among other events, a cascade of phosphorylation reactions occurs. 

Although at this moment it is a matter of speculation, it is possible that either ArathEULS3 or 

ATS3B are phosphorylated during this closing phase and that this modification is required for 

an interaction to take place. This theory is supported by the results of Berendzen et al. 

(2012). These authors performed a genome wide BiFC screening complemented with flow 

cytometry and demonstrated that ArathEULS3 can interact with CPK3, a calcium-dependent 

protein kinase, which is part of the stomatal closing pathway. With the phosphorylation site 

prediction tool PhosphAt 4.0 (Durek et al., 2010), three phosphorylation hotspots were 

predicted in the ArathEULS3 protein sequence (data not shown). If ArathEULS3 is indeed a 

target for this kinase, phosphorylation of ArathEULS3 could be the result of this interaction, 

which in turn may be required for an interaction between ArathEULS3 and ATS3B. This could 

explain the phenomenon in which only closed guard cells exhibit BiFC fluorescence and 

hence interaction between ATS3B and ArathEULS3. 

 

4.5.4 The embryo-specificity of ATS3A and ATS3B 

Over a decade ago, two novel embryo-specific genes were identified in Arabidopsis by 

Nuccio et al. (1999). These genes are located at locus At4g26740 and At5g07190, and were 

named Arabidopsis thaliana seed gene 1 and 3 (ATS1 and ATS3), respectively. Based on the 

sequence homology to the embryo-specific domain within the ATS3 gene, three other A. 

thaliana genes also received the name ATS3. These genes have locus number At2g41475, 

At5g62200 and At5g62210. In this work the genes on locus At2g41475 and At5g62200 are of 
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special interest and to avoid confusion with ATS3, throughout this work they have 

consistently been referred to as ATS3A and ATS3B, respectively. ATS3A and ATS3B are 

closely related to each other and have a high sequence identity of 42% and a 70% similarity 

score. However, both proteins show a rather low level of homology to the ATS3 protein from 

Arabidopsis after which they were named. ATS3A shows 25.3% sequence identity (33.62% 

sequence similarity) to ATS3, while for ATS3B this sequence identity amounts to 29.7% 

(sequence similarity is 41.48%). Both ATS3A and ATS3B contain an embryo-specific ATS3 

domain within their coding sequences. Although a distinct upregulation of ATS3B expression 

in embryonic tissues has been reported (Genevestigator: Hruz et al., 2008) it also clear that 

ATS3A and ATS3B expression is not exclusively embryo-specific. Furthermore, our data 

provide evidence for an interaction between ATS3B and ArathEULS3 which occurs in a non-

embryonic cell type, namely the guard cells surrounding the stomatal opening. Therefore the 

current idea that ATS3A and ATS3B have a unique location in the embryo-specific tissues 

should be adjusted. Both proteins ATS3A and ATS3B contain a conserved form of the 

Polycystin-1, Lipoxygenase, Alpha-Toxin (PLAT) domain, which has been described in 

mammals. The PLAT domain is found in a variety of membrane or lipid-associated proteins. It 

is thought that in mammals this domain can mediate membrane attachments through 

interaction with other protein binding partners (Bateman and Sandford, 1999). It is possible 

that the interaction between ATS3A/B and ArathEULS3 is mediated by this PLAT domain. 

However, at this moment the molecular basis of this interaction remains unclear.  

In literature, a protein has been described which shows a higher sequence homology 

towards ATS3A and ATS3B (44.4% and 49.5% sequence identity, respectively). This Capsicum 

annuum Pathogen Induced Protein 2 (CAPIP2), was demonstrated to play a role in salt-, 

drought- and biotic stress by pathogen attack (Lee et al., 2007). It was demonstrated that 

overexpression of CAPIP2 in A. thaliana, resulted in an improved tolerance towards drought 

and salt stress, and also in a better resistance against infection by Pseudomonas syringae 

DC3000 pv. tomato. Interestingly, ArathEULS3 has been described to be regulated by the 

same environmental cues as this CAPIP2 protein (Van Hove et al., 2014). Taking into account 

the BiFC data it can be concluded that at least ATS3B could also play a role in closed stomata 

through interaction with ArathEULS3, and therefore it is tempting to speculate on a similar 

role for the ATS3 proteins and the CAPIP2 protein. 
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4.5.5 ArathEULS3 is involved in stomatal movement and confers improved resistance to 

Pseudomonas syringae. 

Prompted by the intriguing result that ArathEULS3 interacts with ATS3B in guard cells of 

closed stomata, the physiological role of ArathEULS3 in stomata was studied in more detail, 

using mutants with altered ArathEULS3 expression. From the results of these experiments it 

has become clear that a certain level of ArathEULS3 expression is needed to maintain 

functional and responsive stomata since RNAi silenced plants showed abnormal stomatal 

opening before and after ABA treatment. Our results indicate that these mutants are 

affected in both stomatal opening and closure. Stomatal closure is mainly mediated by an 

ABA-induced Ca2+ signal, followed by an efflux of K+ and anions from the guard cell, removal 

of sucrose, and a simultaneous conversion of the organic acid malate to the osmotically 

inactive starch (Kwak et al., 2008; MacRobbie, 1998). Our previous study on ArathEULS3 

expression (Van Hove et al., 2014) revealed that ArathEULS3 is differentially expressed after 

water stress and ABA treatment. The fact that Berendzen et al. (2012) proved that 

ArathEULS3 can interact with the calcium-dependent protein kinase CPK3, which is a critical 

part of the stomatal closing pathway, supports our hypothesis. Furthermore, earlier in this 

chapter we reported that the ArathEULS3 lectin can bind maltose and malto-oligomers. The 

conversion of the osmotically active counterbalance anion malate2- to starch, one of the key 

players in stomatal closure, involves conversion of maltose in the cytosol (Vavasseur and 

Raghavendra, 2005). In future experiments it would be very interesting to study in more 

detail whether this maltose-binding activity of ArathEULS3 is also related to the stomatal 

dysfunctionality that was observed in ArathEULS3 RNAi mutants. 

Expression analyses previously performed (Van Hove et al., 2014) revealed that ArathEULS3 

transcript levels also increased after Pseudomonas syringae infection. It is well known that 

Pseudomonas enters the plant via the stomata and that plants protect themselves by closing 

their stomata (Melotto et al., 2008). Our results showed that plants overexpressing 

ArathEULS3 showed more resistance against infection with P. syringae compared to WT 

plants. The RNAi plants on the contrary clearly suffer more from the bacterial infection than 

WT plants. Taking into account that RNAi plants have an abnormal stomatal opening and 

closure it seems likely that Pseudomonas can enter the leaves of these plants more easily 

and cause more damage in a later stage of infection. Overexpression plants suffered less, but 
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in the stomatal response experiment we could not detect any visible differences in stomatal 

ratios after 30 minutes of ABA treatment between OE and WT plants. However, it would be 

conceivable that OE plants would have a more rapid reponse than WT which could be the 

reason for the enhanced resistance against Pseudomonas. Attempts were made to measure 

stomatal opening ratios of WT and OE plants during a fixed time period, but failed due to 

loss of focus caused by the small stomata size of Arabidopsis and the mobility of the 

epidermal peels during the microscopic measurements. Therefore, even though it is clear 

that ArathEULS3 confers increased resistance against P. syringae infection, for the time 

being it cannot be decisively concluded that stomatal response is the only factor influencing 

the observed difference in disease susceptibility. 

 

4.6 Conclusion 

In this paper, we showed a novel carbohydrate-binding activity of the nucleocytoplasmic 

lectin ArathEULS3 towards the endogenous plant carbohydrate maltose as well as malto-

oligosaccharides. Furthermore, the identification of two new putative protein interaction 

partners for ArathEULS3 was demonstrated. Although, based on sequence homology with 

ATS3 these proteins have been believed to have an embryo-specific function, we have 

shown that at least ATS3B (At5g62200) can physically interact with ArathEULS3 in closed 

stomatal guard cells. Furthermore, it was proven that ArathEULS3 is involved in stomatal 

guard cell response. Moreover, we demonstrated that ArathEULS3 overexpression confers 

increased resistance against the plant pathogen P. syringae while RNAi silencing enhanced 

disease susceptibility. It is likely that the ArathEULS3 lectin is part of a complex 

(carbohydrate) signaling pathway related to stomatal movement. ArathEULS3 is therefore a 

suitable candidate to investigate further since it can help in answering some long-standing 

questions about the role of sugars in stomatal closing and disease resistance. Furthermore, it 

would be very interesting to study in more detail the role of the ATS3 proteins in this 

intriguing story.  
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5.1 Abstract 

The Arabidopsis thaliana S3-type Euonymus lectin (ArathEULS3) is a stress-related lectin 

belonging to the Euonymus lectin family. Although the carbohydrate-binding activity of 

ArathEULS3 was already demonstrated years ago, there is no evidence for any endogenous 

glycosylated candidate interacting partner in the plant cell. Using tandem affinity purification 

(TAP), two Fasciclin-like arabinogalactan proteins 17 and -18 (FLA17 and FLA18) have been 

retrieved when the EUL lectin domain was used as a bait. To verify the spatial possibility of 

interaction between ArathEULS3 and FLA17 and FLA18, co-localization experiments were 

performed in N. benthamiana and in A. thaliana epidermal leaf cells. Concomitantly BiFC 

experiments served as an independent attempt to confirm the interaction in vivo. Both 

approaches supported a putative interaction at the cell periphery. An extended subcellular 

localization study suggested that ArathEULS3 does not only reside in the cytoplasm and the 

nucleus, but also locates to the plasma membrane and can be secreted from the cell. The 

discovery of an interaction between the ArathEULS3 lectin and FLA17 and FLA18 links the 

elusive group B of FLAs to stress. These findings can help to elucidate the physiological 

importance of two enigmatic classes of proteins. 

 

5.2 Introduction 

As part of their defense against adverse conditions plants have developed sophisticated 

mechanisms to protect themselves against stresses such as cold, heat, drought, insect 

herbivory and pathogen attack. These mechanisms invariably involve a change in the 

expression of genes concerned in the protection against these stresses. It has become 

apparent during the last decade that among these stress-responsive genes there are also 

some lectin genes. Being undetectable under normal growth conditions, some carbohydrate-

binding proteins have long been overlooked in favor of the constitutively and highly 

expressed classical lectins. However, unlike the latter, expression of these “new” inducible 

lectin genes increases after plants have been stressed. Furthermore, these lectins generally 

reside in the nucleus and the cytoplasm which is in contrast to the vacuolar localization of 

the classical lectins (Van Damme et al., 2008). Since these lectins have a stress-induced 
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expression, it has been hypothesized that they fulfill a role in the stress physiology of the 

plant. 

As described earlier in this work, the EUL lectins are a recently discovered family of lectins 

with a stress-inducible expression. The Arabidopsis thaliana EULS3 lectin was chosen as 

model within this family of lectins because it represents the most widely occurring type and 

is the only EUL lectin present in the A. thaliana genome (Fouquaert et al., 2009). This greatly 

facilitates genetic and proteomics approaches since functional redundancy is excluded. 

In Chapter 2 the ArathEULS3 lectin gene was expressed in the yeast Pichia pastoris and the 

recombinant protein was characterized. Glycan array analyses demonstrated that 

ArathEULS3 is a true lectin since it can interact with glycans containing galactose-rich motifs 

(Van Hove et al., 2011). In previous chapter it was shown that the maltose(-oligosaccharides) 

are putative endogenous glycan interactors and that the N-terminal domain of ArathEULS3 

can interact with ATS3 related proteins. Although the stress-inducibility of ArathEULS3 in 

relation to stomatal movement and the carbohydrate binding activity were well 

demonstrated, no (glycosylated) protein interaction partners have been identified yet for 

the EUL domain. Since this domain is the common link with the other members of the EUL 

family, the identification of possible interacting partners for this lectin domain could be of 

great help in uncovering the physiological role of all lectins belonging to this lectin family. 

The approach followed to tackle the identification of interaction partners for the lectin 

domain was the tag-based method Tandem Affinity Purification (TAP). For reasons described 

earlier, TAP is a suitable method to detect novel protein-protein interactions (Xu et al., 

2010). The TAP approach was employed to study interacting partners for the ArathEULS3 

lectin domain, and resulted in the discovery of two novel putative interaction partners for 

this EULS3 lectin domain in Arabidopsis. Two Fasciclin-like arabinogalactan proteins 17 and 

18 (FLA17 and FLA18) have been identified as glycosylated binding partners for the lectin 

domain. Independent in vivo experimental evidence is presented which supports the 

biological relevance of the observed interaction between these FLA proteins and 

ArathEULS3. Furthermore  detailed subcellular localization studies of ArathEULS3 allowed to 

elaborate on the possibilities for interaction between ArathEULS3 and its putative 

interacting partners. 
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5.3 Materials and methods 

5.3.1 Plant materials 

A. thaliana Col-0 and N. benthamiana plant were grown under standard conditions as 

described in Chapter 4, Section 4.3.1, ‘Plant materials’. 

 

5.3.2 Cell culture conditions 

A dark-adapted cell suspension culture of A. thaliana ecotype Landsberg erecta was 

obtained from the Department of Plant Systems Biology (PSB-D, Zwijnaarde, Belgium) and 

was cultured as described in Chapter 4, Section 4.3.2, ‘Cell culture conditions’. 

 

5.3.3 Plasmids 

Plasmids harbouring the full length cDNA, coding for ArathEULS3 (At2g39050), FLA17 

(At5g06390) and FLA18 (At3g11700) were ordered from the Experimental Plant Division 

group within the Department of Biological Systems of the BioResource Center of the RIKEN 

Tsukuba Institute (Ibaraki, Japan) (Seki et al., 1998; 2002). 

 

5.3.4 Construction of TAP-tagged EUL domain 

The EUL domain was cloned into the GatewayTM system (Invitrogen) and tagged to the GS-

tag as described in Chapter 4, Section 4.3.4, ‘Construction of TAP-tagged ArathEULS3 

constructs’. 

 

5.3.5 Construction of fluorescence-tagged ArathEULS3, FLA17 and FLA18 constructs 

ArathEULS3 was C- and N-terminally tagged to EGFP and the C-terminal part of CFP (SCYCE) 

as described in Chapter 4, Section 4.3.5, ‘Construction of fluorescence tagged ArathEULS3, 

ATS3A and ATS3B constructs’. 
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Coding sequences for FLA17 and FLA18 were amplified and provided with GatewayTM AttB 

sites by PCR following the same methodology, using forward primers FLA17-F or FLA18-F and 

reverse primers FLA17-R or FLA18-R, with or without stop codon in case of a N- or C-terminal 

fusion, respectively. Amplified fragments were cloned in the pDONR221 donor vector (Life 

technologies, Carlsbad, CA, USA) by BP reaction. Resulting entry clones were sequenced 

before being used in LR reactions, performed according to the manufacturer’s instructions. 

For co-localization assays, recombination of the FLA17 or -18 entry vectors with destination 

vectors pK7RWG2 or pK7WGR2 (Karimi et al., 2002) was performed for C- or N-terminal 

fusion to RFP, respectively. 

For Bimolecular Fluorescence Complementation (BiFC) assays, a C- or N-terminal fusion 

construct of FLA17 and FLA18 to a part of the Venus fluorophore was made by 

recombination of the FLA17 and FLA18 entry vectors with destination vectors 

HygII_p35S_GW_VYNE or HygII_p35S_VYNE(R)GW, respectively (Gehl et al., 2009). 

 

5.3.6 Cell culture transformation with the TAP-tagged EULS3 domain and tandem affinity 

purification 

Cell culture transformations and tandem affinity purifications were performed as described 

in Chapter 4, Section 4.3.8, ‘Cell culture transformation with the TAP-tagged ArathEULS3 

sequence and tandem affinity purification’. 

 

5.3.7 Protein complex identification 

Protein complexes were identified by tandem mass spectrometry (MS/MS) as described in 

Chapter 4, Section 4.3.9, ‘Protein complex identification’. 

 

5.3.8 Western blot analysis 

Western blot analysis was performed as described in Chapter 4, Section 4.3.10, ‘Western 

blot analysis’. 
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5.3.9 Co-expression analysis 

Co-expression analysis of ArathEULS3, FLA17 and FLA18 was performed on samples taken 

from various Arabidopsis tissues during the life cycle of the plant under normal growth 

conditions as described in Chapter 3, Section 3.3.12, ‘Expression of the ArathEULS3 lectin 

during plant development’. The followed experimental procedures for RNA extractions, 

cDNA synthesis and qRT-PCR were the same as described in Chapter 3, Section 3.3.15, ‘RNA 

extraction, cDNA synthesis and quantitative reverse transcription polymerase chain reaction 

(qRT-PCR)’. 

 

5.3.10 Analysis of fluorescence-tagged ArathEULS3 and FLA17/18 constructs 

Plant growth conditions, Agrobacterium mediated transient N. benthamiana transformation 

with constructs for fluorescence-tagged proteins and subsequent microscopical analyses 

were performed as described in Chapter 4, Section 4.3.13, ‘Analysis of fluorescence-tagged 

ArathEULS3 and ATS3A/B constructs’. 

Here, also A. thaliana plants were transiently transformed with the constructs for co-

localization analyses. A. thaliana seeds were stratified for 2 days and placed in a growth 

room at 21°C under 8/16 light/dark photoperiod for germination and an enhanced leaf 

development. Plants were double transformed transiently with a 1:1 mixture of two 

Agrobacterium strains, each adjusted to OD600 of 0.1. The Arabidopsis plants were covered 

with plastic foil for 1 day after infiltration to improve transformation efficiency. 

Co-localization was quantitatively assessed by calculation of Pearson correlation coefficients 

and Manders overlap coefficients (Manders et al., 1993) on ROIs (of the same size) covering 

part of the cellular periphery with JaCoP, a plugin for the freeware imaging software package 

ImageJ (Bolte and Cordelières, 2006). Manders coefficients M1 and M2 represent the degree 

of co-localization between two fluorophores based on the Pearson correlation coefficient 

but without average intensity values. M1 can be defined as ‘the ratio of the summed 

intensities of pixels from the green image for which the intensity in the red channel is above 

zero’ to the ‘total intensity in the green channel’ while M2 has the same definition but for 

the red image (Bolte and Cordelières, 2006). A fixed threshold was chosen for each channel 



Chapter 5: Interaction study of the EUL lectin domain 

117 

and afterwards the Manders coefficients were calculated. As a negative control, images of 

partially transformed leaves, with only a GFP- or RFP-fusion construct were analysed with 

the same settings. 

BiFC analysis was performed as described in Chapter 4, Section 4.3.13, ‘Analysis of 

fluorescence-tagged ArathEULS3 and ATS3A/B constructs’. 

 

5.3.11 Subcellular localization of ArathEULS3 

To deeper investigate whether ArathEULS3 could have a more complicated subcellular 

localization than previously assumed, its localization in the plant cell was studied in more 

detail. An Arabidopsis suspension cell culture was stably transformed with a C- or N-terminal 

EGFP fusion construct of ArathEULS3 under the control of a 35S promoter. Transformation 

was performed by callus-free Agrobacterium co-cultivation as described in Section 5.3.6. 

Plasmolysis of 4 day old cells was achieved by incubation for 30 minutes in MSMO medium 

supplemented with 0.8 M mannitol. Similarly, leaves of 5 week old stably transformed 

Arabidopsis plants overexpressing a C- or N-terminal EGFP fusion construct of ArathEULS3 

were excised and incubated for 2h in 0.8 M mannitol or for 5 min in 4.5 M NaCl. Plasmolysis 

was observed as a retraction of the plasma membrane from the rigid cell wall. 

Protoplasting of 10 ml stably transformed suspension cells was achieved by centrifugation at 

300 g for 10 minutes, followed by resuspension of the cell pellet in 5 ml enzyme solution (1% 

cellulase R10 (Duchefa, Haarlem, The Netherlands), 0.1% Macerozyme (Duchefa), 0.4 M 

mannitol, 20 mM MES (Sigma-Aldrich) at pH 5.5). Cells were shaken for 1h at 100 rpm at 

room temperature after which they were centrifuged again at 300 g for 10 minutes. 

Subsequently, the cell pellet was washed gently two times in protoplast solution (enzyme 

solution minus Macerozyme) each time followed by centrifugation at 200 g for 5 minutes. 

Immediately after preparation, protoplasts were used for microscopical analysis. Immediate 

lysis of protoplasts before image analysis was achieved by addition of 1% Triton-X100 (v/v). 

To allow microscopical imaging of lysis progress only 0.05% Triton X100 (v/v) was added to 

the protoplast mixture. 
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5.3.12 Secretion analysis 

In order to investigate whether the ArathEULS3 protein was secreted, a PSB-D suspension 

cell culture was scaled up to a volume of 0.5L in a 1L erlenmeyer flask. After 4 days of 

growth, the cells were separated from the medium on a glass sinter filter. Crystallized 

ammonium sulphate (Carl Roth, Karlsruhe, Germany) was added to the cell medium to reach 

a final concentration of 1.3 M and the pH was adjusted to 7. In a semi-selective enrichment 

step, the sample was then loaded onto a Phenyl Sepharose 6 Fast Flow (GE Healthcare, 

Diegem, Belgium) chromatography column (1 ml bed volume, Ø 5 mm) equilibrated with 1.5 

M ammonium sulphate. After washing with 5 column volumes of equilibration buffer, the 

column was eluted in 250µl fractions with 20 mM Tris-HCl, pH10. Protein concentrations 

were measured using the Bradford assay (Thermo Fischer Scientific, Erembodegem, 

Belgium). A Western Blot analysis using the anti-EUL antibody was performed. Therefore the 

elution fractions with the highest protein concentration were pooled and concentrated 

overnight by 25% trichloroacetic acid precipitation. The protein pellet obtained after 

centrifugation (13,000 g, 15 min) was washed twice in ice cold acetone containing 50 mM 

HCl and stored at -80°C until further analysis by SDS-PAGE. Proteins were identified by 

MS/MS as described in Chapter 4, Section 4.3.9, ‘Protein complex identification’. This 

experiment was performed in two independent replications. 
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5.4 Results 

5.4.1 Performance evaluation of TAP with EUL domain as bait 

To gain more insight in the biological activity of the carbohydrate-binding domain of 

ArathEULS3, TAP was performed on the EUL domain to identify novel protein interaction 

partners. Figure 5.1 shows a Western blot analysis with protein fractions collected during 

TAP purification of the EUL domain N-terminally tagged to the GS-tag, detected with a 

polyclonal antibody raised in rabbit against the EUL domain. The expected size shift from 

37.9 kDa to 24.2 kDa due to TEV cleavage and removal of the IgG binding domain can be 

observed in the transition from recombinant protein, bound to IgG beads to the eluted 

fraction from the IgG beads. The lower bands in lane 3, 5 and 8 are presumably degradation 

products of the bait protein, the EUL lectin domain, since they react strongly with the lectin 

antibody. The abundant lower molecular weight band in lane 4 can be attributed to a cross-

reaction between the secondary Goat-Anti-Rabbit antibody and the IgG immunoglobulins 

released from the IgG beads during Western Blot detection. Very similar data were obtained 

with the C-terminally tagged EUL domain (Data not shown). 

 

Figure 5.1: Western blot of the TAP fractions obtained from the EUL lectin domain, N-terminally 

tagged with the GS tag. Proteins were detected with a polyclonal rabbit antibody raised against the 

EUL domain. Lane 1: Molecular weight marker SM0671 (Fermentas), 2: Crude cell extract, 3: 

Unbound flow-through fraction of IgG beads, 4: Uneluted remainder on IgG beads, 5: Elution fraction 

from IgG beads, 6: Unbound fraction to Streptavidin beads, 7: Remainder on Streptavidin beads, 8: 

Elution fraction from Streptavidin beads. B: Coomassie G stained gel of the final elution fractions of 

the TAP on the N-terminally GS-tagged ArathEULS3 protein, performed in duplo (lane 2 and 3). Lane 

1: Molecular weight marker SM0671 (Fermentas). The black triangle indicates the bait protein with a 
post-TEV cleavage size corresponding to 24.2 kDa. The yellow and red triangles indicate the expected 

position of FLA17 and FLA18 respectively, based on the calculated molecular weight. 
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5.4.2 Identification of FLA17 and FLA18 from TAP 

Fractions obtained after elution of the protein from the second affinity chromatography 

were subjected to MS/MS. FLA17 and FLA18 were identified as candidate interacting 

partners in the TAP experiments in which the EUL domain was N- or C-terminally GS-tagged 

as a bait protein. MS data of the recovered peptides from the identified proteins are shown 

in Supplemental Table 6. Figure 5.2 shows a sequence alignment of both FLA proteins. Both 

sequences have a predicted signal peptide and contain the highly conserved core fasciclin 

regions H1 and H2. FLA17 and FLA18 show 82% sequence identity and 87% sequence 

similarity at amino acid level. 

 

Figure 5.2: Sequence alignment of FLA17 and FLA18. The predicted N-terminal signal peptide 
(SignalP, http://www.cbs.dtu.dk/services/SignalP/) is shown in bold. Conserved FLA regions H1 and 

H2 are indicated in grey boxes. DI motifs involved in adhesion in animal fasciclin-like proteins are 

shown in black. 

 

 

H1

H2

FLA17           MDRRIYGGSAVIHLFLFFSVLIFSAASALSKNQSPSSGSGQINSNSVLVALLDSRYTELA 60
FLA18           MDRCIYGCSVIT---IFFSFFFLLNASALESGHHNITGSGQINSNSVLVALLDSRYTELA 57

*** *** *.:    :***.:::  ****...:   :***********************

FLA17           ELVEKALLLQTLEDAVGRHNITIFAPRNEALERDLDPEFKRFLLEPGNLKSLQTLLMFHI 120
FLA18           ELVEKALLLQTLEDAVGRHNITIFAPRNEALERDLDPDFKRFLLQPGNLKSLQTLLLSHI 117

*************************************:******:***********: **

FLA17           IPNRVGSNQWPSEESGRVKHHTLGNDQVR----LSNGQGKKMVDLAEIIRPDDLTRPDGL 176
FLA18           IPKRVGSNQWPEENSGRVKHVTLGHDQVLHLSKLKGTNGKRLVNSAVITRPDDLTRPDGL 177

**:********.*:****** ***:***     *.. :**::*: * * ***********

FLA17           IHGIERLLIPRSVQEDFNRRRSLQSISAVLPEGAPEVDPRTNRLKK--PAAPVPAGSPPA 234
FLA18           IHGIERLLIPRSVQEDFNRRRNLRSISAVLPEGAPEIDPRTNRLKKSATAVSVPAGSPPV 237

*********************.*:************:*********  .*..*******.

FLA17           LPIQSAMAPGPSLAPAPAPGPGGKQHHFDGEAQVKDFIHTLLHYGGYNEMADILVNLTSL 294

FLA18           LPIESAMAPGPSLAPAPAPGPGGAHKHFNGDAQVKDFIHTLLHYGGYNEMADILVNLTSL 297
***:******************* ::**:*:*****************************

FLA17           ATEMGRLVSEGYVLTVLAPNDEAMAKLTTDQLSEPGAPEQIVYYHIIPEYQTEESMYNSV 354
FLA18           ATEMGRLVSEGYVLTVLAPNDEAMGKLTTDQLSEPGAPEQIMYYHIIPEYQTEESMYNSV 357

************************.****************:******************

FLA17           RRFGKVKFDTLRFPHKVAAKEADGSVKFGDGEKSAYLFDPDIYTDGRISVQGIDGVLFPQ 414
FLA18           RRFGKVKYETLRFPHKVGAKEADGSVKFGSGDRSAYLFDPDIYTDGRISVQGIDGVLFPE 417

*******::********.***********.*::**************************:

FLA17           E--EEVVESVKKPVKKIVQPRRGKLLEVACSMLGAFGKDTYLSKCR               458
FLA18           EKEEETVKKPTGPVKKVVQPRRGKLLEVACSMLGAIGKDSYLSRC- 462

*  **.*:. . ****:******************:***:***:*
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5.4.3 Co-expression of ArathEULS3 and FLA17/18 

To compare the presence and the abundance of the transcripts for ArathEULS3 and FLA17 

and FLA18, qRT-PCR analyses were performed for different tissues during the life cycle of the 

plant. Figure 5.3 shows the normalized expression of the three genes of interest related to 

the average of the reference genes used in the experiment (PP2A, TIP41 and UBC9). 

 

Figure 5.3: qRT-PCR analysis of expression of FLA17, FLA18 and ArathEULS3 during development in 

different tissues of A. thaliana. Bars represent normalized expression of ArathEULS3, FLA17 and 

FLA18 (two biological replicates. n=20; error bars ±SE) compared to the average expression level of 

the reference genes used in the experiment: PP2A, TIP41 and UBC9. 

 

ArathEULS3 expression is almost constant throughout development. FLA18 is a relatively 

strong expressor since it has an expression level which is almost always higher than the 

average expression of the reference genes which are categorized as moderate-strong 

expressors (Genevestigator: Hruz et al., 2008; data not shown). FLA17 exhibits a strikingly 

more subtle expression which is on average 40 times lower than the expression level of 

FLA18 and is always at least 4 times lower than the average of the reference genes. 
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ArathEULS3 has intermediate transcript levels, on average 15 times higher and 4 times lower 

than FLA17 and FLA18 respectively. During development, the highest expression levels of 

FLA18 were reached in 6 day old plantlets whereas the lowest expression was observed in 39 

day old rosette leaves. Comparing among the different organs within a fixed time point, 

FLA18 seems to have a preferential expression in flowers. FLA17 has an expression peak in 

roots after 34 days of development. Rosette leaves of 39 and 54 day old plantlets show the 

lowest expression of FLA17. Apart from these notable points, there is no clear trend of 

preferential expression in a certain organ or at a certain time point during development for 

FLA17. ArathEULS3 expression is at its highest in 15 day old plantlets and is relatively low in 

roots. Comparison of the transcript levels in the same tissues over different time points of 

development indicates a slightly preferential expression of ArathEULS3 in the younger 

tissues. No significant co-expression was observed between the expression patterns for 

ArathEULS3, FLA17 and FLA18. 

 

5.4.4 Co-localization of ArathEULS3 and FLA17/18 

In order to assess the possibility that the putative interactors would be able to meet each 

other physically in the intact cell, which is a prerequisite to allow in vivo interaction between 

ArathEULS3 and FLA17/18, co-localization analyses were performed in transiently 

transformed A. thaliana and N. benthamiana leaves. Figure 5.4 (A1,B1) shows co-localization 

experiments of ArathEULS3 co-translationally tagged to EGFP and FLA17 or FLA18 tagged to 

RFP in transiently transformed N. benthamiana and A. thaliana epidermal leaf cells. 

Expression of a fusion construct of ArathEULS3 and EGFP resulted in a clear fluorescence in 

the nucleus and the cytoplasm of the cell. No significant differences in fluorescence patterns 

could be observed whether ArathEULS3 was N- or C-terminally tagged to EGFP (data not 

shown). Expression of a C-terminal fusion construct of FLA17 or FLA18 to RFP, resulted in a 

marked fluorescence signal at the cell periphery. For both FLA17 and FLA18, a weak 

fluorescence was also observed in the nucleus when N-terminally tagged with RFP (data not 

shown). Co-localization experiments were only performed with C-terminal fusion constructs. 

The average Pearson correlation coefficients and Manders coefficients M1 and M2 between 

ArathEULS3-EGFP and FLA17-RFP measured on ROIs of fixed size in the cell periphery of N. 

benthamiana and A. thaliana epidermal leaf cells represent the degree of co-localization and 
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are indicated in Figure 5.4 A2. Although both Pearson correlation and Manders coefficients 

M1 (overlap green on red fluorescence) and M2 (overlap red on green fluorescence) were 

sufficiently high (>0.5) to indicate co-localization, they were considerably higher in A. 

thaliana than in N. benthamiana epidermal leaf cell peripheries. Average Pearson and 

Manders coefficients for overlap between ArathEULS3-EGFP and FLA18-RFP are indicated in 

Figure 5.4 B2. Also here, all coefficients are higher than the cutoff of 0.5 and thus indicate a 

good degree of co-localization. An additional Costes randomization analysis revealed that 

the PC obtained on the original images was significantly higher than the PC obtained after 

randomization of one of the images (p = 0.05) which indicates that the observed PC values 

are specific in suggesting colocalisation. Results for FLA18-RFP and ArathEULS3-EGFP co-

localization measurements in N. benthamiana and A. thaliana were very similar. 
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Figure 5.4: A1. Co-localization image of N. benthamiana (Upper part) and A. thaliana (Lower part) epidermal leaf cells transiently transformed with 
fluorescent constructs. Left: ArathEULS3-EGFP Middle: FLA17-RFP Right: Merged image. Scale bars represent 25 µm. A2. Graph indicating the average co-

localization coefficients for FLA17-RFP and ArathEULS3-EGFP in N. benthamiana and A. thaliana. Error bars ± SE. Plan Fluor 40× dry objective (NA 0.6), 

RFP/EGFP excitation: 543.5/488nm, thickness of the optical section: 1µm. 
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Figure 5.4: B1. Co-localization image of N. benthamiana (Upper part) and A. thaliana (Lower part) epidermal leaf cells transiently transformed with 

fluorescent constructs. Left: ArathEULS3-EGFP Middle: FLA18-RFP Right: Merged image. Scale bars represent 25 µm B2. Graph indicating the average co-

localization coefficients for FLA18-RFP and ArathEULS3-EGFP in N. benthamiana and A. thaliana. Error bars ± SE. Plan Fluor 40× dry objective (NA 0.6), 

RFP/EGFP excitation: 543.5/488nm, thickness of the optical section: 1µm. 
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5.4.5 BiFC analysis of ArathEULS3 and FLA17/18 

BiFC was used as an independent microscopical approach to verify the putative interactions 

in an in vivo environment. Green fluorescence can only be detected if the two proteins 

carrying the partial non-fluorescent fluorophores come into sufficiently close proximity to 

reconstitute the functional fluorescent molecule. As shown in Figure 5.5, part of the cell 

periphery showed BiFC fluorescence when SCYCE-ArathEULS3 and VYNE-FLA17 were 

transiently transformed into N. benthamiana epidermal leaf cells. A similar image is obtained 

for SCYCE-ArathEULS3 and VYNE-FLA18. It should be noted that no BiFC fluorescence was 

observed for any other fluorescence tag orientations (data not shown). Due to the very weak 

BiFC fluorescence a relatively high laser power of 9 units had to be used to visualize the 

resulting green fluorescence during image capturing. However, mock-transformed control 

leaves yielded no similar fluorescence using the same acquisition settings. 

 

 

Figure 5.5: BiFC image for N. benthamiana plants transiently transformed with A. VYNE-FLA17 and 

SCYCE-ArathEULS3, B. VYNE-FLA18 and SCYCE-ArathEULS3. BiFC fluorescence is visible in green, 

autofluorescence of chloroplasts is fake-colored in red. Scale bars represent 25 µm. Plan Fluor 40× 

dry objective (NA 0.6), BiFC excitation: 488nm (Argon laser); detection through 525/50nm bandpass 

filter, thickness of the optical section: 1µm. 

 

 

A B
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5.4.6 Subcellular localization of ArathEULS3 

The finding and confirmation of an interaction between FLA 17 and 18 proteins and the 

lectin at the cell periphery instigated a re-evaluation of the subcellular localization of 

ArathEULS3, previously reported as nucleocytoplasmic (Van Hove et al., 2011). In an attempt 

to elucidate the promiscuous subcellular localization of ArathEULS3, microscopy 

experiments were performed on suspension and epidermal leaf cells expressing an 

ArathEULS3 EGFP fusion product. Image analysis of cells under osmotically induced 

plasmolysis, allowed visual separation of the cell wall from the plasma membrane and its 

cytoplasmic contents (Gagne and Clark, 2010). After plasmolysis of the cells expressing EGFP-

tagged ArathEULS3, a distinct retraction of the cell membrane with its cytoplasmic contents 

was observed. Fluorescence was still visible in the nucleocytoplasmic compartment while no 

residual green fluorescence was apparent in the cell wall, regardless of the orientation of the 

EGFP tag (Figure 5.6). 

 

Figure 5.6: Plasmolysis of Arabidopsis thaliana leaf cells (Upper part) and Arabidopsis thaliana 

suspension cells (Lower part) both overexpressing ArathEULS3-EGFP. Left: Transmission channel 

image. Middle: EGFP channel image. Right: Merged image of transmission and EGFP channel. Nuclei 

are indicated with black arrows. Retraction of the plasma membrane and cytoplasmic contents from 

the cell wall is indicated with white triangles. Scale bars represent 20 µm. Plan Fluor 40× dry 
objective (NA 0.6), BiFC excitation: 488nm (Argon laser); detection through 525/50nm bandpass 

filter, thickness of the optical section: 1µm. 
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A detergent driven lysis of protoplasts enabled to distinguish the cytoplasm from its plasma 

membrane remnants. Protoplast lysis resulted in a rupture of the cell membrane. After 

cellular lysis a distinct drop in fluorescence was observed but a significant residual green 

fluorescent signal was visible in the remains of protoplasts constitutively expressing green 

fluorescently tagged ArathEULS3. A rapid and complete extinction of the fluorescence signal 

would have indicated an exclusive localization to the cytoplasmic compartment, since the 

cytoplasmic protein content could quickly diffuse into the aqueous cell lysis medium. 

However, the residual fluorescence suggested that part of the EGFP-tagged ArathEULS3 

remained bound to the shattered remains of the plasma membrane (Figure 5.7). 

 

 

Figure 5.7: Detergent-induced lysis of protoplasts overexpressing EGFP-ArathEULS3 (Upper panel) 

and ArathEULS3-EGFP (Lower panel). Left: Transmission channel image. Middle: EGFP channel 

image. Right: Merged image of transmission and EGFP channel. Nuclei are indicated with black 

arrows. Scale bars represent 10 µm. Plan Fluor 40× dry objective (NA 0.6), BiFC excitation: 488nm 

(Argon laser); detection through 525/50nm bandpass filter, thickness of the optical section: 1µm. 
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5.4.7 Secretion analysis of ArathEULS3 

To explore the possibility that ArathEULS3 was secreted from the plant cells, the soluble 

protein fraction in the culture medium of non-transformed Arabidopsis suspension cells was 

enriched and analyzed by Western blot against the EUL domain. Figure 5.8 shows the anti-

EUL Western Blot result of the concentrated protein fraction from the medium of an A. 

thaliana suspension cell culture. 

 

Figure 5.8: Western blot image of the semi-selectively concentrated medium of an A. thaliana 
suspension cell culture (lane 1). An unpurified GS-tagged full length EUL protein was used as a 

positive control (lane 2). Lane 3: Molecular weight marker SM0671 (Fermentas). Proteins were 

detected with a rabbit polyclonal antibody raised against the EUL lectin domain. The full black arrow 

indicates the position of ArathEULS3. The white triangle marks the position of the positive control. 

 

To confirm the identity of the observed bands on Western Blot, the protein fraction from the 

medium was analyzed by mass spectrometry. After mass spectra acquisition, a list of 

proteins identified in both replications of the experiment was generated (Table 5.1). 
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1   2  3
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Table 5.1: Overview of proteins detected in both replications of the secretion analysis experiment. For each protein the TAIR locus number and a 

description are given. The SUBA3 consensus prediction for the protein subcellular localization as well as the organelles in which the protein was detected in 

an MS/MS based localization experiment are shown. Abbreviations for organelles: EC: Extracellular, PM: Plasma Membrane, C: Cytosol, N: Nucleus, G: Golgi, 

V: Vacuole, PL: Plastids, N.A.: Not Available. Reference numbers between parentheses are as follows: 1: Jamet et al., 2006; 2: Bayer et al., 2006; 3: Boudart 

et al., 2005; 4: Cheng et al., 2009; 5: Charmont et al., 2005; 6: Borderies et al., 2003; 7: Zhang et al., 2011a; 8: Albenne et al., 2009; 9: Feiz et al., 2006; 10: 

Mitra et al., 2009; 11: Zhang et al., 2011b; 12: Keinath et al., 2010; 13: Bensschop et al., 2007; 14: Li et al., 2012; 15: Elmore et al., 2012; 16: Alexandersson 

et al., 2004; 17: Elortza et al., 2003; 18: Borner et al., 2003; 19: Nelson et al., 2006; 20: Marmagne et al., 2007; 21: Dunkley et al., 2006; 22: Nikolovski et al., 

2012; 23: Zybailov et al., 2008; 24: Kleffman et al., 2004; 25: Ferro et al., 2010; 26: Parsons et al., 2012; 27: Carter et al., 2004; 28: Shimaoka et al., 2004; 29: 

Ito et al., 2011. 

 

 

TAIR locus Description 
Predicted SUBA 

consensus location 
Experimental MS/MS location 

AT4G36010.2 Pathogenesis-related thaumatin superfamily protein EC N.A. 

AT1G78060.1 Glycosyl hydrolase family protein; EC EC (1,2,3) PM (10) PL (23) 

AT5G14450.1 GDSL-like Lipase/Acylhydrolase superfamily protein EC EC (2) 

AT4G25810.1 xyloglucan endotransglycosylase 6 EC EC (1,6,7,8) G (26) 

AT5G11720.1 Glycosyl hydrolases family 31  protein; EC, PM PM (10,11) V (27,28) 

AT4G34480.1 O-Glycosyl hydrolases family 17 protein; EC EC (4) 

AT3G23490.1 cyanase C C (29) 

AT2G39050.1 hydroxyproline-rich glycoprotein family protein N PM (12) 

AT2G43510.1 trypsin inhibitor protein 1 EC N.A. 

AT1G71380.1 cellulase 3 EC EC (1,2,6) PM (11,12,13) G (26)  

AT1G68560.1 alpha-xylosidase 1 EC EC (1,2,3,7,8,9) PM (10,11,12,14) P (25) 

AT5G58090.1 O-Glycosyl hydrolases family 17 protein PM PM (10,11,12,13,14,15,16,17,18,19,20,21,22) EC (1)  

AT2G17760.1 Eukaryotic aspartyl protease family protein PM PM (11,14) 

AT3G45970.1 expansin-like A1 EC EC (1,2,4,6,7,9) PM (11) G (26) 
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ArathEULS3 was identified among the secreted proteins in both experiments. To assess the 

degree of contamination of the proteins extracted from the medium with intracellular 

proteins due to leakage of dead cells, the list of secreted proteins was screened against the 

Arabidopsis Subcellular Database (SUBA; Heazlewood et al., 2007). Out of 14 proteins 

identified, 10 proteins showed an extracellular SUBA prediction consensus, 2 proteins were 

predicted to locate in the plasma membrane, 1 protein was expected to be in the cytosol 

and 1 protein (ArathEULS3) was predicted to occur in the nucleus. For most of the identified 

proteins, also MS/MS based localization data were available from previous publications. 

Both SUBA consensus localization prediction and MS/MS based localization data for all 

identified proteins are summarized in Table 5.1. 

 

5.5 Discussion 

5.5.1 FLAs, a secretive bunch 

In the past decade, considerable effort has been put in elucidating the structure and 

function of many arabinogalactan proteins (AGPs). Obstacles in proteomics approaches 

however, such as the high and complex glycosylation, difficult extraction/purification and 

low reactivity with antibodies have considerably hampered the progress of research on this 

huge and heterogeneous group of proteins (Ellis et al., 2010). Despite these difficulties, it has 

been demonstrated that AGPs are involved in important biological processes such as plant 

growth (Van Hengel et al., 2002), hormone responses (Park et al., 2003), salt tolerance (Shi 

et al., 2003), cell expansion (Lee et al., 2005) and many more. The group of AGP’s can be 

divided into four subgroups: the classical AGPs, AGPs with Lys-rich domains, AG peptides 

with short protein backbones (Schultz et al., 2002) and the fasciclin-like AGPs (FLAs) 

(Johnson et al., 2003). 

FLAs are proteins which are modified with arabinogalactan sugar moieties mainly containing 

galactose and arabinose. Arabidopsis thaliana Col-0 contains at least 21 sequences encoding 

FLAs in the annotated genome. Although these FLAs show low sequence similarities, they 

can be divided into 4 groups (A to D) based on their domain architecture. FLA15, 16, 17 and 

18 belong to group B, comprising those FLAs which have two fasciclin domains flanking an 
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AGP region but which lack the C-terminal GPI anchor signal sequence (Johnson et al., 2003). 

So far, only a few FLAs have been studied in detail. FLA1 has been implicated in the early 

events of lateral root development and shoot development in tissue culture, prior to cell-

type specification (Johnson et al., 2011). FLA4 has recently been shown to act synergistically 

with abscisic acid signaling to control root growth (Seifert et al., 2014). FLA 11 and 12 have 

been demonstrated to be involved in stem cell wall architecture (Johnson et al., 2011). To 

our knowledge no in-depth experimental data are available for the B group of FLAs. 

It also remains an unanswered question what the biochemical significance is of the fasciclin 

domains in the FLA proteins. Fasciclin domains are considered as putative cell adhesion 

domains, but it has been shown in human studies that these domains are not directly 

involved in cell adhesion (Kim et al., 2000; Kim et al., 2002). It has been hypothesized 

however that the fasciclin domain, also contains certain motifs that allow cell adhesion. One 

of these motifs, the DI motif is present twice in the B group FLAs and in humans it has been 

shown to be involved in interaction with proteins from the extracellular space such as 

integrins. Integrins are animal extracellular matrix receptors that mediate signal 

transduction to intracellular kinases (van der Flier and Sonnenberg, 2001). 

 

5.5.2 A protein-carbohydrate interaction? 

Based on TAP purifications an interaction was observed between FLA17 and FLA18 and the 

ArathEULS3 lectin domain. These putative interactors could not be identified in the eluate 

from TAP experiments in which the unrelated N-terminal domain was TAP tagged and 

surprisingly neither when the full length ArathEULS3 served as bait. Since ArathEULS3 has 

been confirmed to be a functional lectin (Van Hove et al., 2011), it is conceivable that the 

interaction between the ArathEULS3 lectin domain and FLA17/18 is mediated by a protein-

carbohydrate interaction. Glycan array analyses revealed that the carbohydrate binding 

activity of the purified recombinant full length ArathEULS3 and its EUL domain were similar 

in that they both interacted with glycans containing Lewis X, Lewis Y and lactosamine 

structures, all galactose-rich carbohydrate structures (Van Hove et al., 2011). Moreover, the 

BiFC experiment showed that interaction between full length ArathEULS3 and FLA17/18 was 

possible. The fact that the interaction with FLAs was not observed in TAP experiments in 



Chapter 5: Interaction study of the EUL lectin domain 

133 

which the full length protein was used as bait, suggests that the presence of the N-terminal 

domain somehow impedes an efficient interaction. Taking into account the stability needed 

for an interaction to survive the lengthy TAP purification protocol, a reduced binding 

efficiency could be sufficient to make TAP retrieval impossible (Xu et al., 2010). Since BiFC 

could be detected for ArathEULS3 and putative interactors, at least a transient interaction 

appears to be possible between FLA17 or FLA18 and the full length ArathEULS3. 

Intriguingly, the FLA proteins that were identified in our TAP experiments comprise only 

members of the B group of FLAs. If the interaction would indeed be solely protein-

carbohydrate based, this would mean that the FLAs from other groups (A, C, D) are 

glycosylated in such a different manner that they are not recognized by ArathEULS3. 

However, at this moment we cannot exclude that other discriminating factors play a role in 

the interaction and recognition between ArathEULS3 and FLA17 and FLA18. 

More research is mandatory to investigate the nature and implications of the interaction 

between ArathEULS3 and FLA17/18. As mentioned before, the family of FLA genes 

represents an extended group in A. thaliana with more than 20 members. Within the B 

group, 4 similar genes are recognized. Unfortunately, this redundancy of the FLA genes is 

most likely to complicate the analyses of the biological relevance of the FLA interaction with 

the lectin. It is for instance unlikely that knockout lines in one of the FLA genes belonging to 

group B will affect the physiology of the plant. Nevertheless, to widen our knowledge of 

both “stress-inducible” lectins and fasciclin-like arabinogalactan proteins, it would be very 

interesting to further elucidate how and why these two classes of proteins meet each other 

for interaction. 

 

5.5.3 Subcellular localization 

Although confocal imaging suggested co-localization and possible interaction between 

ArathEULS3 and FLA17/18 C-terminally coupled to their fluorophores, it remains hard to 

pinpoint where these proteins really meet each other in the plant cell. A weak BiFC 

fluorescence was observed at the cell periphery, although careful interpretation of this 

result is mandatory, since the FLA proteins were N-terminally coupled to VYNE and it is very 
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well possible that this orientation of the tag disturbs the localization of the protein, as 

discussed for the ATS3 proteins in Chapter 4. 

ArathEULS3 and FLAs could be expected to interact in the cytoplasm, since ArathEULS3 has 

been reported to be present in the nucleus as well as the cytoplasm (Van Hove et al., 2011). 

Moreover, both FLA proteins have been identified in an aqueous cell extract (supplemented 

with mild detergents), indicating that they are at least partly water soluble and could 

therefore be (partly) located in the cytoplasm. Unlike most FLAs, both FLA17 and FLA18 have 

no C-terminal GPI anchor signal sequence (Johnson et al., 2003). FLA17 has been retrieved 

from a cellular membrane fraction (Mitra et al., 2009), but for FLA18 no such experimental 

data exist. According to predictions made by SUBA3, FLA17 and FLA18 occur at the 

membrane and in the extracellular compartment, respectively. 

ArathEULS3 is a protein without any known signal peptide and lectin constructs fused to 

EGFP have been demonstrated to locate primarily to the nucleus and the cytoplasmic 

compartment (Van Hove et al., 2011). Our most recent results, however, have put forward 

an interaction between ArathEULS3 and FLA17 as well as FLA18 which both belong to a class 

of proteins generally believed to be located to the cell periphery (plasma membrane, cell 

wall, extracellular space) (Johnson et al., 2003; Ellis et al., 2012). When searching for 

proteins involved in Pathogen-associated Molecular Pattern (PAMP)-induced changes in 

plasma membrane compartmentalization, Keinath and coworkers identified ArathEULS3 in a 

detergent-insoluble plasma membrane fraction (Keinath et al., 2010) (Table 5.1). A result 

which has somehow not been included in the SUBA database is that ArathEULS3 has been 

found in a CaCl2-extracted cell wall fraction (Chivasa et al., 2002). Moreover, the lectin has 

been predicted by the SecretomeP software (http://www.cbs.dtu.dk/services/SecretomeP-

1.0) to be secreted by an unconventional pathway with a high confidence value (>0.9) (Jamet 

et al., 2008). All these data suggest that ArathEULS3 indeed not only localizes to the nuclear 

and cytoplasmic compartment but also to the cell periphery. 

Our own subcellular localization results support the unconventional secretion hypothesis 

since we could detect ArathEULS3 in the medium of a cell suspension culture. However, 

these results are preliminary and cautious interpretation is mandatory. Although all except 

one of the identified proteins from the cell medium have either been predicted or at least 
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once been detected in the extracellular environment or the plasma membrane, indicating 

that sample contamination with intracellular proteins is not a major concern, no ideal 

control sample to prove this point was included. Additional experimental proof from an 

experiment in which cell medium is analyzed for cells overexpressing a protein with 

unequivocal intracellular localization should be included as a negative control before 

decisive conclusions can be made. 

Furthermore, the residual fluorescence in lysed protoplasts expressing ArathEULS3-EGFP 

indicated that part of the protein is bound to the plasma membrane, possibly through 

interaction with other plasma membrane localized proteins. Although this result is 

promising, no perfect positive and negative control proteins were included in the 

experimental setup which limits the conclusiveness of the evidence presented. An EGFP-

tagged protein which is fixed in the cytoskeleton as a negative control and free EGFP as a 

positive control would be good choices to improve the strength of the experimental result. 

Our results provided evidence against a possible cell wall localization, since no fluorescence 

was observed in the cell wall after plasmolysis-driven retraction of the plasma membrane 

from the cell wall. However, it has to be taken into account though that fluorescence in the 

cell wall is hard to visualize, since the EGFP-tagged proteins are prone to rapid degradation 

in this environment (Zheng et al., 2004). 

 

5.6 Conclusion 

FLAs are a mysterious group of proteins about which many questions still remain to be 

answered. FLA17 and FLA18 are no exception in this regard and are almost completely 

unknown proteins. In this work we presented a first clue in unraveling the function of the B 

group FLAs by demonstrating their interaction with the stress-related lectin ArathEULS3. It is 

likely that ArathEULS3 and these FLAs meet through protein-carbohydrate interaction. Co-

localization and BiFC appear to support the interaction between the lectin and FLAs in vivo. A 

more detailed investigation of the localization of the lectin yielded preliminary results which 

agree with a previously reported membrane bound localization as well as the non-classical 

secretion of the lectin, as was previously predicted. The identification of these novel 
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interaction partners and the new indications for a more complex subcellular localization of 

ArathEULS3 have profound implications for the possible role(s) of this lectin in the cell. 

Taking into account that ArathEULS3 expression was mainly regulated by environmental 

stress cues involving drought and pathogen attack we could envisage ArathEULS3 and FLAs 

to fulfill a signaling role across the cell wall. However, further characterization of the FLA 

proteins is necessary to shed more light on the nature of their interaction with the lectin. 
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Plant lectins are an intriguing group of proteins about which the last word has not been said. 

Since a decade, our attention has largely shifted from the classical, constitutively expressed 

lectins towards lectins with a stress-inducible expression. These lectins appear to play a role 

in the plant response to stresses such as drought, salinity, pathogen attack, insect herbivory 

etc. (Van Damme et al., 2011; Al Atalah et al., 2014; Vandenborre et al., 2009). These 

stresses pose a serious threat to the world’s agricultural production and are predicted to 

become only more problematic in the future. Therefore it is imperative to investigate plant 

stress defense mechanisms, not only to gain a better insight in the processes but also to 

exploit them in the field one day. 

The family of lectins with an EUL domain are a relatively new group of lectins with a stress-

inducible expression (Fouquaert et al., 2008). The S3 type EUL lectins consist of an EUL 

domain preceded by a long unrelated N-terminal domain. Based on an extensive genome 

analysis, this type of EUL protein was considered as the predominant form in nature. In the 

model plant Arabidopsis thaliana, only one EUL sequence is present in the genome and this 

corresponds to an S3 type EUL gene. The Arabidopsis S3 type EUL lectin (ArathEULS3) was 

chosen as a model for the entire EUL lectin family. This choice is justified by the wide-spread 

distribution of the S3 type EULs, the model status of A. thaliana and the fact that in this 

organism there is no functional redundancy which could hamper genetic and proteomics 

analyses. 

In this work, the physiological role of ArathEULS3 was investigated in detail by studying its 

expression, localization and interactions. This chapter dwells on the most important findings 

of this work and their implications in order to formulate some general conclusions and 

perspectives for future research. Figure 6.1 will serve as a guide throughout the discussion of 

the results of this PhD thesis. 
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Figure 6.1: Overview of known processes in which ArathEULS3 is involved. The numbers correspond to paragraphs in this chapter. The cell and organelles 

are not drawn to scale. Only organelles relevant to the results of this study are shown. 
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6.1 Expression of ArathEULS3 

A detailed expression study was performed of gene encoding the ArathEULS3 lectin (Chapter 

3). Using a Q-RT PCR based approach, ArathEULS3 expression was measured during the life 

cycle of the plant under normal growth conditions. From this experiment it was concluded 

that the ArathEULS3 expression is low, but stable during the entire growth cycle at least 

under unstressed conditions. Indeed, from an extended set of (a)biotic stress experiments 

and hormonal treatments a distinct expression pattern of the lectin gene was deduced. It 

was shown that ArathEULS3 is expressed upon salinity and ABA treatment, both stimuli 

related to water stress. Moreover, infection with Pseudomonas syringae and treatment with 

methyl jasmonate enhanced expression of the lectin gene. At first sight, these stimuli seem 

to have little in common, but in Chapter 3 we pointed out that there is some relationship 

between them. Plants react to drought and high salinity by turning on the biosynthesis of 

ABA, which leads among others to a closure of stomata (Kwak et al., 2008). Pseudomonas 

syringae enters through leaf stomata and induces stomatal closure (Melotto et al., 2008). 

Also the hormone MeJA has been reported to induce stomatal closure (Hossain et al., 2011). 

A search in the EFP-browser (BAR, Toronto) showed that guard cells exhibited the highest 

expression score on the Affymetrix chip for the probe corresponding to ArathEULS3. 

Moreover, also based on microarray data, Wang et al. (2011) reported ArathEULS3 among 

the Arabidopsis genes which are specifically upregulated in guard cells. Since in our stress 

experiments extracts were always made of total plantlets in which the guard cells are only a 

small subpopulation of cells, it is possible that the observed levels of upregulation are a 

“diluted” underestimation of the levels in the guard cells. It would indeed be tempting to 

state that ArathEULS3 has a guard cell specific expression, but in order to be able to do so, 

more experimental evidence is needed. The classical promoter::GUS (Jefferson et al., 1987) 

or promoter::EGFP approach is used a lot and could bring decisive evidence on a possible 

guard-cell specific expression. Unfortunately, in our hands it was impossible to clone the full 

length promoter for ArathEULS3. Stress experiments on live guard cell cultures have been 

performed with good results and could be an alternative solution (Pandey et al., 2002). 

An in silico analysis of the ArathEULS3 promoter sequence confirmed the presence of a 

number of stress-related transcription factor binding sites. An overrepresented 9-mer 

binding site was identified within the promoter sequence. This five times recurring binding 
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site corresponds to the A. thaliana homeobox 7 (ATHB-7) transcription factor, which has 

been reported in relation to abiotic stress signaling (Valdés et al., 2012). In an in silico co-

expression analysis, the gene encoding this transcription factor was also found to be highly 

co-expressed with ArathEULS3. This led to the hypothesis that ATHB-7 is a transcription 

factor of ArathEULS3. Further research is needed to validate this idea. Knock-out plants 

lacking ATHB-7 would be useful in this regard but are at present not available. If the 

hypothesis is true, it can be expected that ArathEULS3 expression in these plants would be 

significantly lower. 

 

6.2 Processing of ArathEULS3? 

Since the ArathEULS3 protein sequence does not contain any known signal peptide, the 

protein is most likely synthesized on the free ribosomes after which it is released into the 

cytoplasm of the cell. ArathEULS3 is clearly a chimeric protein, consisting of a lectin domain 

fused to an N-terminal domain for which no function could be deduced based on sequence 

homology to another protein. Even after all the research which has been invested in 

ArathEULS3, it is still not completely clear whether these two domains always remain 

together in the plant cell. Many Western blot analyses have been performed on the native 

protein as well as on the fusion constructs. These blots showed a distinct band with a 

molecular mass corresponding to the full length protein, but also polypeptides with smaller 

size were present. This could point to a degradation of the protein, but the question is 

whether this is an entropy-driven breakdown phenomenon, a random protease degradation 

or a directed processing to cleave the protein into functional subunits. A crystal structure of 

the purified protein could help to answer this question and could possibly indicate if there 

are any accessible cleavage sites for proteases on the protein. 

 

6.3 ArathEULS3 in the nucleus 

From our earliest localization experiments (Chapter 2) it was concluded that ArathEULS3 is 

present in the cytoplasm, which is very likely, given its synthesis on free ribosomes in the 

cytoplasm. Furthermore, it was very clear from the microscopic analyses that ArathEULS3-
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EGFP is also present in the nucleus. However, the protein sequence of ArathEULS3 does not 

contain any known nuclear localization sequence. The question therefore remains: how gets 

ArathEULS3 into the nucleus? The first option is that the protein simply diffuses passively 

into the nucleus. Taking into account that ArathEULS3 is a relatively small protein of about 

35 kDa in its native state, this is certainly possible. The nuclear pore complexes guarding the 

pores in the nuclear membrane have been reported to allow passive diffusion of molecules 

up to 60 kDa (Gorlich, 1998). However, when fused to EGFP, the final fusion protein is much 

larger than the native protein (63 kDa), which makes passive diffusion more difficult albeit 

not impossible. The alternative explanation is that the protein is aided for its entry to the 

nucleus by active transport, although at present for this no experimental evidence exists to 

sustain this assumption. More insight in this nuclear localization could be gained by using 

microscopical approaches such as Fluorescence Recovery After Photobleaching. Bleaching of 

the EGFP signal in the nucleus, would allow a measurement of the re-entry speed of EGFP 

from the cytoplasm into the nucleus. Combined with the administration of drugs which 

inhibit active transport into the nucleus by interfering with the RanGTP-importin action, this 

experimental setup would allow to differentiate between active and passive transport 

(Cimica et al., 2011; Soderholm et al., 2011).  

An interaction of ArathEULS3 with RCAR1 has been reported recently (Li et al., 2014) 

(Chapter 1). RCAR1 is an ABA sensor protein which interacts with and regulates the type 2C 

protein phosphatases (PP2C). As mentioned before in Chapter 1, Section 1.2.1.3, ‘Hormonal 

signaling during osmotic stress’, PP2C are negative regulators of ABA signaling. The authors 

suggested that ArathEULS3 plays an ABA signaling role via the interaction with RCAR1 and 

confers ABA (hyper)sensitivity (Li et al., 2014). 

 

6.4 Binding of ArathEULS3 to maltose 

In the cytoplasm, ArathEULS3 can perform some distinct functions. We demonstrated that 

the full length lectin (regardless whether purified from P. pastoris or from PSB-D cells) was 

able to bind maltose and malto-oligosaccharides (Chapter 4). It appeared that ArathEULS3 

preferentially bound to malto-oligosaccharides rather than to the disaccharide. In the 

Arabidopsis cell, malto-oligosaccharides are only present in the chloroplasts, where they are 
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generated as intermediate reaction products during the enzymatic cleavage of starch by β-

amylases (Smith et al., 2005). Only the final product of starch degradation, maltose, is 

exported from the chloroplasts by maltose exporter 1 (MEX1) (Niittylä et al., 2004). It is 

known that maltose can be degraded further in the cytosol and eventually can be used to 

synthesize the organic acid malate2-, a crucial osmotic agent for stomatal movement 

(Schroeder et al., 2001). The conversion of malate2- into inactive starch is also possible 

(Talbott and Zeiger, 1998; Vavasseur and Raghavendra, 2005). Since ArathEULS3 is not 

physically able to reach the maltose-oligosaccharides in the chloroplasts, it must be 

concluded that this interaction probably does not occur in an intact cell. However, the 

cytoplasmic maltose is indeed a potential carbohydrate target molecule of ArathEULS3 since 

the two molecules are likely to encounter each other. At this moment it is unclear what the 

biological relevance of this protein-carbohydrate interaction might be. In the cytosol, the 

disproportionating enzyme 2 (DPE2) has been described as a cytosolic maltose-converting 

enzyme (Lu and Sharkey, 2006). Maybe ArathEULS3 can provide a means of transport for 

maltose in the cytoplasm or function as an enzyme (cofactor) in maltose conversion? More 

experimental evidence is needed to speculate further about the nature of the interaction 

between ArathEULS3 and maltose. Mutation of the EUL lectin domain could help to identify 

the carbohydrate binding site on the ArathEULS3 lectin. In addition, it would be interesting 

to investigate in more detail if maltose, malto-oligosaccharide as well as starch levels are 

related to the expression levels of ArathEULS3. The sugar compounds could be determined 

in leaves and guard cells of ArathEULS3 overexpression and RNAi lines by HPLC (Talbott et 

al., 1998). 

It has to be taken into account that the model plant Arabidopsis is very different from many 

economically important cereals (e.g. wheat, rice) and tuberous crops (e.g. potato) with 

regard to starch metabolism (Smith et al., 2005). Arabidopsis lacks a dedicated storage tissue 

and the vast majority of starch molecules are stored in the leaf chloroplasts, while in cereals 

this is in the endosperm and in potato this occurs in the tubers. It is possible that the 

metabolic mechanisms and implications in leaf stomatal movement which have been 

identified in Arabidopsis cannot be fully extrapolated to other species. Since all these species 

have EUL proteins, it would be very interesting to investigate if these lectins possess the 

same binding activity towards maltose. 
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6.5 Interaction of ArathEULS3 with ATS3A/B 

Using the TAP technology we were able to discover the interaction between ArathEULS3 and 

ATS3 proteins A and B (Chapter 4). The ATS3 proteins contain a PLAT domain which likely 

mediates membrane association. From further TAP analyses on the individual domains it was 

concluded that the interaction is probably mediated by the N-terminal domain of the 

ArathEULS3 protein. Using Bimolecular Fluorescence Complementation, the interaction 

between the lectin and ATS3B was confirmed and was shown to occur at the cell periphery 

of closed stomata. Additional physiological experiments demonstrated that the stomata of 

leaves from plants with reduced lectin expression were aberrant in their opening and closing 

response to light and ABA. From these observations it was concluded that ArathEULS3 plays 

a pivotal role in stomatal movement. Moreover, it appeared that the interaction with ATS3B 

was also important for guard cell signaling. 

A few years ago Berendzen and collegues (2012) reported that calcium-dependent protein 

kinase 6 (CPK3) potentially interacts with ArathEULS3 (Chapter 1). CPK3 is a kinase which has 

also been described to mediate essential phosphorylation reactions in guard cells during 

stomatal closure. It is for instance responsible for the activation of the S-type anion and Ca2+ 

permeable channels during stomatal closure (Mori et al., 2006). Since CPK3 is a kinase, it is 

possible that the interaction between ArathEULS3 and CPK3 involves a Ca2+-dependent 

phosphorylation of ArathEULS3. A rise in cytosolic Ca2+ is the main signal for stomatal closure 

(Kwak et al., 2008), which appeared to be a prerequisite for the interaction of ArathEULS3 

with ATS3B. Even though for now it is a matter of speculation, this could provide a link 

between the reported interaction of ArathEULS3 with CPK3 and with ATS3 proteins. 

Stomatal movement greatly relies on the activity of (an)ion channels in the plasma 

membrane (Schroeder et al., 2001). It is possible that the observed effect of ArathEULS3 

expression levels on stomatal movement is somehow related to ion channel activity. If the 

ArathEULS3-ATS3(A)B complex is needed to activate any of the important ion channels such 

as the malate2- export channel or is needed in an (energy-dependent) maltose conversion 

step, this would explain the fact that RNAi silencing of ArathEULS3 expression disrupted the 

stomatal response. 
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To validate this hypothesis, it would be interesting to find out if the N-terminal domain of 

ArathEULS3 could indeed be a target of CPK3 in a phosphorylation reaction. This kind of 

interaction is very transient and is nearly impossible to capture using TAP (Xu et al., 2010). 

However, it is relatively easy to detect protein phosphorylation by Western Blot analysis 

using antibodies directed against phosphorylated amino acids. Furthermore it would be of 

great interest to conduct TAP experiments on live stomata. These can be extracted from 

leaves in such a way that they remain fully functional and responsive to various stimuli 

(Pandey et al., 2002). This approach would enable us to focus on interactions happening in 

this particular cell type and potentially uncover more interaction partners in the complex. 

 

6.6 Unconventional secretion of ArathEULS3 

Even though the amino acid sequence of ArathEULS3 does not contain any known signal 

peptide which would direct the protein to the secretory pathway, after semi-selective 

enrichment the protein was retrieved in the medium of a suspension cell culture (Chapter 5). 

Moreover, fluorescence of an ArathEULS3-EGFP fusion construct was visualized in the 

remainders of the plasma membrane (PM) after lysis of stably transformed Arabidopsis 

protoplasts. These findings suggest that ArathEULS3 can also be classified in the growing list 

of proteins following a so-called unconventional secretion mechanism. This agrees with the 

prediction by Jamet et al., (2008) who used the SecretomeP software tool 

(http://www.cbs.dtu.dk/services/SecretomeP-1.0) that ArathEULS3 was a leaderless 

secreted protein. It has to be mentioned though that to officially classify as an 

unconventionally secreted protein, additional experiments are needed to confirm that 

ArathEULS3 is not glycosylated and that secretion cannot be inhibited by Brefeldin A in a 

Brefeldin-susceptible species (Nickel, 2010). 

Although the research on unconventional secretion in plants is still in its infancy, some 

mechanisms have been well described. In plants, three mechanisms have been reported: 

vacuole-PM fusion, PM budding of multivesicular bodies and release of EXPO organelles at 

the PM (Reviewed in Krause et al., 2013). It seems unlikely that ArathEULS3 would follow the 

vacuole-PM fusion pathway, since this would first require a conventional secretion to the 

vacuole, which has never been reported. The other two mechanisms both involve the uptake 
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of the protein in membrane surrounded vesicles, which appears more plausible in the case 

of ArathEULS3, since the protein has also been discovered in a membrane fraction (Keinath 

et al., 2010). It is possible that the carbohydrate-binding ability of ArathEULS3 plays a role 

during the process of secretion, since it might bind to proteins embedded in or attached to 

these membranes. Interestingly, a jacalin-related lectin from Helianthus annuus (sunflower) 

which was named Helja, has been reported as an unconventionally secreted protein (Pinedo 

et al., 2012; Regente et al., 2012). This protein is probably secreted via exosome-like vesicles, 

although unfortunately there is no evidence (yet) for an involvement of the lectin domain 

during secretion. In mammals, more unconventional secretion mechanisms have been 

reported. One interesting process which has not yet been reported in plants is the non-

vesicular direct transport through the PM into the apoplast, as described for fibroblast 

growth factor 2. In this case, the key mechanism behind transport through the membrane is 

oligomerization followed by alternative folding of the protein at the membrane (Nickel et al., 

2010). Interestingly, it was shown that ArathEULS3 can also form dimers in its native state 

(Chapter 2). Perhaps this property could also play a role in transport of the protein through 

the membrane. It is clear that further experiments such as immunolocalization combined 

with scanning electron microscopy are needed to gain more insight in the process of 

unconventional secretion which is used to transport ArathEULS3 from the cytoplasm to the 

apoplast and beyond. Furthermore, it would be interesting to know whether the EUL(S3) 

proteins from other species also are subject to this unconventional secretion. 

Unconventional secretion has also been implicated in the defense against apoplastic 

pathogens such as Pseudomonas syringae (Hatsugai and Hara-Nishimura, 2010). It was 

observed that ArathEULS3 expression is also increased after P. syringae infection (Chapter 3) 

and that plants overexpressing ArathEULS3 exhibited an increased resistance against P. 

syringae (Chapter 4) since they developed less intense disease symptoms. Since it has been 

demonstrated that ArathEULS3 is able to bind non-plant glycans (Chapter 2), it is possible 

that the lectin domain can also bind to bacterial carbohydrates in the apoplast. This way it 

could help in a defense response, either by triggering or by actively participating in an anti-

microbial action. Binding studies with bacterial glycans could improve our understanding of 

the observed phenomena. It was reported by Cheng et al. (2009a) that SA stimulates the 

release of defense-associated proteins into the apoplast. Although SA had no significant 
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influence on ArathEULS3 expression, it would be worthwhile to investigate if this secretion-

stimulating effect can also be observed on the ArathEULS3 secretion levels, since it would 

support a defense-related function. 

 

6.7 Interaction of ArathEULS3 with fasciclin-like arabinogalactans 

An interaction between the ArathEULS3 lectin domain and the fasciclin-like arabinogalactans 

(FLA) 17 and 18 was revealed by TAP (Chapter 5). Arabinogalactan proteins have been 

described as secreted cell wall constituents, while the fasciclin domain has been implicated 

in cell-cell recognition (Ellis et al., 2010; Huber and Sumper, 1994). FLAs combine these 

domains since they consist of at least one arabinogalactan and fasciclin domain (Johnson et 

al., 2003). Co-localization experiments and BiFC studies supported an interaction between 

the FLAs and ArathEULS3 which occurred at the cell-periphery, although BiFC fluorescence 

levels were very weak. Green fluorescence was not observed in the cell wall for an 

ArathEULS3-EGFP fusion construct, which suggests that the interaction takes place at the 

apoplastic side of the PM or at the PM-cell wall interface. However, taking into account that 

visualization of green fluorescence in the cell wall is hard to achieve (Zheng et al., 2004) it 

cannot be excluded that the interaction occurs at the cell wall. Further research is needed to 

define the exact localization of the interaction. The resolution of light-microscopy is limited 

and is probably not sufficient to distinguish between these closely spaced layers. Scanning 

electron microscopy would be able to deliver decisive evidence in this regard. 

Since the interaction between FLA17/18 and ArathEULS3 is mediated by the EUL lectin 

domain and FLAs are well known to be glycosylated (Johnson et al., 2003), it is likely a 

protein-carbohydrate interaction. Moreover, the reported galactose-rich glycan composition 

of arabinogalactans (Ellis et al., 2010) agrees with the fact that ArathEULS3 is able to bind 

complex glycan structures with galactose motifs (Chapter 2). However, the lectin did not 

show any reactivity towards a sample of gum Arabic on a glycan array containing plant 

glycans (Chapter 4) even though this is an arabinogalactan mixture (Nie et al., 2013). This is 

not surprising though, given the fact that the interaction was also only observed for two B 

group FLAs, a very specific subgroup within the FLA family, which in itself is a small subset of 

the superfamily of arabinogalactan proteins.  
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It is intriguing that in the TAP experiments, the interaction was not observed for the full 

length protein but only for the EUL lectin domain. This again seems to suggest that 

processing of the full length lectin is needed to obtain separate functional units (See also this 

Chapter, Section 6.2, ‘Processing of ArathEULS3?’). Interestingly, the same observations 

were made by Li et al. (2014) in their interaction studies on RCAR1. The authors reported 

that while the EUL domain could interact with RCAR1 in a Yeast-Two-Hybrid screening, this 

was not the case for the full length lectin. Nevertheless, in our BiFC experiments where the 

full length ArathEULS3 was coupled to the C-terminal part of CFP (SCYCE) a visible 

fluorescence was observed, which indicates that at least transient interaction is also possible 

with the full length protein. It would be worthwhile to repeat these BiFC experiments with 

the EUL domain separately tagged to SCYCE to determine if the resulting interaction is 

indeed stronger as would be expected. 

The biological relevance of the interaction between the EUL domain and FLA17 and 18 is not 

clear at this moment. Besides providing a good reason for the lectin to be secreted to the 

extracellular space, the interaction has a few potential roles about which can be speculated 

further. First, since FLA17 and 18 possess two fasciclin domains (Johnson et al., 2003), they 

would be suitable proteins to assist in a receptor complex in the apoplast in recognition of 

foreign cell structures. This fits with the hypothesized role of ArathEULS3 in the apoplast as 

discussed above (Section 6.6) and could mediate the defense signaling against pathogens in 

a combined function somewhat reminiscent of the way lectin receptor kinases modulate 

defense responses (See also Chapter 1, Section 1.4.2, ‘Role of LecRLKs in stress’). This model 

could also explain the enhanced resistance of ArathEULS3 overexpression plants (Chapter 4). 

Second, some Arabidopsis FLAs (FLA4, FLA11, FLA12) have been reported to modulate 

signaling upstream of cell wall polymer biosynthesis (MacMillan et al., 2010; Seifert et al., 

2014). Also in eucalyptus and poplar, this role has been envisaged for FLAs since they are 

expressed highly in tension wood (Andersson-Gunneras et al., 2006; MacMillan et al., 2010). 

An interaction with the drought stress-related lectin ArathEULS3 could thus transfer a signal 

which results in an altered cell wall composition. It was reviewed by Moore et al. (2008) that 

under water stress, plants display an adaptive regulation of cell wall rigidity. Tissues that 

need to remain in a “ready-to-grow” state are relaxed while non-essential tissue is made 

more rigid and inextensible. This allows certain essential growth points such as apices to 
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keep on growing even when turgor pressures are low (Wu and Cosgrove 2000). This model 

could explain the observation of Li et al. (2014) that ArathEULS3 overexpressing plants 

showed less wilting under prolonged dehydration. It also agrees with the results obtained by 

Al Atalah et al. (2014) in which was shown that overexpression of OrysaEUL lectins conferred 

tolerance to drought. 

However, both models are the result of extensive speculation and more experimental 

evidence is needed to confirm or reject these hypotheses. Mutant analyses for FLA17 and 

FLA18 would be helpful to elucidate further the biological importance of the interaction. 

These analyses will probably be hampered by the functional redundancy of these genes. 

Multiple knockouts will therefore most likely be needed to obtain clear phenotypes. 

 

6.8 General conclusion 

To briefly conclude, the first objective of this PhD research considering the characterization 

of ArathEULS3 was achieved. It was demonstrated that ArathEULS3 is a functional lectin able 

to bind plant-derived maltose(-oligosaccharides) units and complex glycans currently not 

associated with plants. ArathEULS3 is present in the nucleus and the cytoplasm, but can also 

be secreted to the extracellular compartment and is attached to the plasma membrane. The 

second goal, the search for stimuli with an effect on ArathEULS3 expression, was also 

accomplished. Based on our results, it can be concluded that ArathEULS3 is continuously 

expressed at a low level, but its expression is enhanced under water stress and pathogen 

attack. The third aim of this research was to study the importance of ArathEULS3 for the 

plant. This objective was also achieved since it was shown that the lectin is important during 

stomatal movement and in defense against Pseudomonas syringae. The fourth objective of 

this study, the investigation of interactions in which the ArathEULS3 lectin is involved, was 

also accomplished. The EUL lectin domain was demonstrated to interact with fasciclin-like 

arabinogalactan proteins while the unrelated N-terminal domain can interact with ATS3 

related proteins. 

Taken together, we believe that this study has contributed significantly to the understanding 

of the importance of ArathEULS3, the EUL lectin from Arabidopsis. All evidence points 

towards a role in the plant stress responses in which stomatal movement is a key aspect. It 
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remains an open question whether our findings for the Arabidopsis S3 type EUL lectin can be 

extrapolated to the other types of EUL lectins and to EULs of other plant species. 
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Plant lectins, being proteins possessing at least one non-catalytic domain that is able to 

recognize and reversibly bind carbohydrates, have been the subject of many studies for a 

long time. During the last decade however, the focus within the field of lectinology has 

shifted from a study of the classical, constitutively expressed plant lectins to a group of plant 

lectins that are only synthesized in higher amounts after exposure of the plant to certain 

(a)biotic stresses. The observation of this stress-induced lectin gene-expression has led to 

the hypothesis that these so-called “inducible” lectins are important for the plant and play a 

role in plant stress physiology. 

Recently, a new family of proteins consisting of at least one Euonymus europaeus lectin 

domain, was added to the group of inducible lectins. In this PhD research, the S3 type EUL 

lectin originating from Arabidopsis thaliana was chosen as a model to elucidate the 

molecular function of EUL lectins. This ArathEULS3 lectin consists of two distinct domains: an 

uncharacterized N-terminal domain with a molecular mass of 18.3 kDa followed by an EUL 

domain with a molecular mass of 17.3 kDa. This S3 type EUL lectin represents the most 

widely distributed EUL lectin and is omnipresent in plants. In this work, a multidisciplinary 

approach was followed to gain more insight in the physiological role of the ArathEULS3 lectin 

in Arabidopsis thaliana. 

In Chapter 1, a brief literature overview is presented on plant lectins, plant stress and some 

novel concepts in plant biology in which plant lectins have been implicated. 

Chapter 2 describes the protein characterization of the ArathEULS3 lectin. Molecular cloning 

of the full length ArathEULS3 as well as its EUL lectin domain enabled the heterologous 

expression in Pichia pastoris and purification of the recombinant full length protein and the 

lectin domain. Binding analysis to a glycan array containing predominantly human glycans, 

revealed that the full length ArathEULS3 and its EUL domain show a similar carbohydrate-

binding activity, thus confirming that ArathEULS3 is a functional lectin. It was shown that 

both polypeptides showed a preferential binding activity towards Lewis X, Y and lactosamine 

structures, which is different from the Lewis D- and blood type B glycan-binding activity of 

EEA, the EUL lectin from Euonymus europaeus. Furthermore it was demonstrated that the 

ArathEULS3-EGFP fusion construct showed fluorescence in the nucleus and cytoplasm of 
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transformed BY-2 and A. thaliana suspension cells, suggesting that the lectin resides in the 

nucleocytoplasmic compartment of the cell. 

To gain more insight in the stimuli which affect expression of the gene encoding ArathEULS3, 

an expression analysis of ArathEULS3 was performed in Chapter 3. It was demonstrated that 

during plant development under normal growth conditions ArathEULS3 shows a low, but 

constant expression. A series of stress experiments revealed that ArathEULS3 transcript 

levels rise significantly after treatment with either abscisic acid, methyl jasmonate or NaCl or 

after infection with the hemibiotrophic plant pathogen Pseudomonas syringae. In silico 

promoter analyses confirmed the presence of multiple stress-related transcription factor 

binding sites in the promoter region. In silico co-expression analyses resulted in the 

identification of a hypothetical transcription factor for ArathEULS3 expression, ATHB-7. 

Arabidopsis plants and suspension cells with altered ArathEULS3 expression were subjected 

to phenotypical analyses under ABA, MeJA or NaCl stress, which showed that altered lectin 

expression levels have a significant impact on plant physiology. 

To elucidate the molecular function of the ArathEULS3 lectin, a study of the endogenous 

interaction partners for the full length lectin was performed in Chapter 4. The full length 

protein, purified from P. pastoris in chapter 2, as well as from A. thaliana suspension cells, 

was subjected to a glycan binding analysis with a novel glycan array containing 

predominantly plant glycans. This analysis revealed that regardless of the expression system, 

the purified ArathEULS3 lectin can specifically bind to maltose(-oligosaccharides). To gain 

more knowledge about the protein interactions in which ArathEULS3 is involved, tandem 

affinity purification (TAP) experiments were set up. The full length lectin was N- or C-

terminally tagged to the GS tag, which is optimized for TAP in plants. From the TAP analyses 

on transformed A. thaliana suspension cells and subsequent protein identification by 

tandem mass spectrometry it was shown that ArathEULS3 interacts with A. thaliana embryo-

specific protein 3-like proteins (ATS3) with TAIR locus number At2g41475 (ATS3A) and 

At5g62200 (ATS3B). The interaction was proven to be mediated by the uncharacterized N-

terminal domain of ArathEULS3. Microscopical techniques were applied to confirm the 

interaction between ArathEULS3 and the ATS3 proteins in vivo. Bimolecular fluorescence 

complementation (BiFC) revealed the interaction between ArathEULS3 and ATS3B in closed 

stomata. Functional analyses on stomata from plants with altered ArathEULS3 expression 
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showed that stomata from plants with reduced ArathEULS3 expression both have an 

aberrant light-induced opening and an ABA-induced closure. Moreover, infection 

experiments on these same plant lines indicated that plants overexpressing ArathEULS3 

possess increased resistance against P. syringae infection compared to wild type control 

plants. It was also proven that plants with reduced lectin expression are more susceptible for 

this plant pathogen and develop more pronounced disease symptoms than the control 

plants. 

In Chapter 5 we performed a more detailed interaction study on the EUL lectin domain by 

TAP experiments using this domain as a bait. From these analyses, a second set of putative 

interaction partners was identified, namely the fasciclin-like arabinogalactan proteins 17 and 

18 (FLA17 and FLA18, TAIR locus number At5g06390 and At3g11700 respectively). These 

proteins were also subjected to microscopical analysis, which confirmed the interaction 

between the lectin and the FLA proteins in the cell periphery. Driven to investigate further 

where the interaction takes place, a more detailed subcellular localization study was 

performed. These preliminary experiments suggested that ArathEULS3 is not only present in 

the nucleus and the cytoplasm, but is also localized to the plasma membrane and can be 

secreted into the extracellular space. 

A general discussion about the implications of the most important results of this PhD thesis 

and perspectives for future research are presented in Chapter 6. Throughout this PhD 

research it has become clear that ArathEULS3 is involved in a complex pattern of responses 

to abiotic and biotic stress and most likely plays an important role in stomatal movement. It 

is equally clear that we touched only the surface of the intricate mechanisms behind these 

observations. Further research is mandatory to further elucidate the role of ArathEULS3 and 

different types of EUL lectins in the plant cell and to investigate how this knowledge can be 

applied to create new possibilities for plant/crop improvement. 
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Plantenlectines zijn eiwitten die minstens één niet-katalytisch domein bevatten dat 

koolhydraten kan herkennen en er op een reversiebele wijze mee kan binden. Deze eiwitten 

zijn reeds voor een lange tijd het onderwerp geweest van vele studies. Het laatste 

decennium is de focus binnen de discipline van de lectinologie echter verschoven van een 

studie van de klassieke lectins met constitutieve expressie naar een groep van 

plantenlectines die enkel in grotere hoeveelheden aangemaakt worden nadat de plant is 

blootgesteld aan bepaalde (a)biotische vormen van stress. Het feit dat deze lectinegenen 

stress-geïnduceerde expressie vertonen, heeft geleid tot de hypothese dat deze 

zogenaamde “induceerbare” lectines een belangrijke rol spelen in de respons van planten op 

stress. 

Recent werd een nieuwe familie van eiwitten toegevoegd aan de groep van induceerbare 

lectines, namelijk de eiwitten die zijn opgebouwd uit minstens één Euonymus europaeus 

lectinedomein. In dit doctoraatsonderzoek werd het EUL lectine van het S3 type uit 

Arabidopsis thaliana gekozen als model om de moleculaire functie van de EUL lectines op te 

helderen. Dit ArathEULS3 lectine bestaat uit twee verschillende domeinen: een niet-

gekarakteriseerd N-terminaal domein met een moleculair gewicht van 18,3 kDa, en een EUL 

domein met een moleculair gewicht van 17,3 kDa. Dit EUL lectine van het S3 type 

vertegenwoordigt de meest wijd verspreide vorm van EUL lectines en is alomtegenwoordig 

in planten. In dit werk werd een multidisciplinaire strategie gevolgd om meer inzicht te 

verwerven in de fysiologische rol van het ArathEULS3 lectine in Arabidopsis thaliana. 

In Hoofdstuk 1 werd een beknopt literatuuroverzicht gegeven over plantenlectines, 

plantenstress en enkele nieuwe concepten in de plantenbiologie waarin plantenlectines 

vermoedelijk een rol spelen. 

Hoofdstuk 2 beschrijft de ewitkarakterisatie van het ArathEULS3 lectine. De klonering van de 

volledige ArathEULS3 sequentie en het EUL lectine domein lieten toe om de 

corresponderende eiwitten tot expressie te brengen in het heterologe expressiesysteem 

Pichia pastoris, waarna het recombinante ArathEULS3 eiwit en het EUL lectine domein 

succesvol konden worden opgezuiverd. Glycaanbindings-analysen tegenover een array die 

voornamelijk humane glycanen bevat, toonden aan dat het volledige ArathEULS3 lectine en 

het EUL domein een gelijkaardige koolhydraatbindingsactiviteit hebben tegenover Lewis X, 
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Lewis Y en lactosamine glycaanstructuren. Dit bevestigde dat ArathEULS3 een functioneel 

lectine is en wees ook op een licht gewijzigde specificiteit ten opzichte van deze van EEA. 

EEA, het EUL lectine uit Euonymus europaeus en de stamvader van de EUL familie, bindt 

immers bij voorkeur met Lewis D en bloedgroep B glycanen. Tevens werd er ook aangetoond 

dat het ArathEULS3-EGFP fusieconstruct tot expressie kwam in de kern en het cytoplasma 

van getransformeerde BY-2 en A. thaliana cellen in suspensiecultuur, wat erop wees dat het 

lectine zich in het nucleocytoplasmatische compartiment van de cel bevindt. 

Om meer inzicht te verwerven in de stimuli die de expressie beïnvloeden van het gen dat 

codeert voor ArathEULS3, werd in Hoofdstuk 3 een expressieanalyse van ArathEULS3 

uitgevoerd. Er werd aangetoond dat de plant tijdens haar ontwikkeling onder normale 

groeiomstandigheden, een lage maar constante expressie vertoont. Een reeks 

stressexperimenten onthulden dat de transcriptie niveau’s van ArathEULS3 significant stijgen 

na behandeling met abscisinezuur, methyljasmonaat of NaCl, of na infectie met de hemi-

biotrofe plantenpathogeen Pseudomonas syringae. In silico promoter analysen bevestigden 

de aanwezigheid van meerdere bindingssites van stress-gerelateerde transcriptiefactoren in 

de promoter regio. In silico co-expressie analysen resulteerden in de identificatie van een 

hypothetische transcriptiefactor van ArathEULS3, namelijk ATHB-7. Arabidopsis planten en 

cellen in suspensiecultuur met gewijzigde expressie van ArathEULS3 werden onderworpen 

aan fenotypische analysen na behandeling met abscisinezuur, methyljasmonaat of NaCl, wat 

aantoonde dat gewijzigde expressieniveau’s van het lectine een significante impact hebben 

op de fysiologie van de plant. 

Om de moleculaire functie van het ArathEULS3 lectine op te helderen, werden de endogene 

interactiepartners van het volledige lectine bestudeerd in Hoofdstuk 4. Het volledige lectine, 

opgezuiverd uit P. pastoris in Hoofdstuk 2, maar ook uit A. thaliana cellen in 

suspensiecultuur, werd onderworpen aan een glycaanbindingsanalyse tegenover een nieuwe 

array die voornamelijk plantenglycanen bevat. Uit deze analyse bleek dat het opgezuiverde 

ArathEULS3 lectine ongeacht het expressiesysteem in staat is om specifiek te binden met 

maltose(-oligosacchariden). Om meer te weten te komen over de eiwitinteracties waarin 

ArathEULS3 een rol speelt, werden “tandem affinity purification” (TAP) experimenten 

uitgevoerd. Het volledige lectine werd N- of C-terminaal getagd met de GS-tag die is 

geoptimaliseerd voor TAP in planten. Via de TAP analysen op getransformeerde A. thaliana 
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cellen in suspensiecultuur en de daarop volgende eiwitidentificaties door middel van tandem 

massaspectrometrie, werd aangetoond dat ArathEULS3 interageert met A. thaliana embryo-

specifiek proteine 3-verwante proteïnen (ATS3) met het TAIR locus nummer At2g41475 

(ATS3A) en At5g62200 (ATS3B). Het werd bewezen dat de interactie met de ATS3 proteïnen 

doorgaat ter hoogte van het niet-gekarakteriseerde N-terminale domein van ArathEULS3. 

Miscroscopische analysen werden uitgevoerd om de interactie tussen ArathEULS3 en deze 

ATS3 proteïnen in vivo te bevestigen. Bimoleculaire fluorescentie complementatie (BiFC) 

toonde de interactie aan tussen ArathEULS3 en ATS3B in gesloten stomata. 

Uit functionele analysen van stomata van planten met een gewijzigde ArathEULS3 expressie 

bleek dat stomata van planten met gereduceerde ArathEULS3 expressie zowel een 

afwijkende licht-geïnduceerde opening als een abscisinezuur-geïnduceerde sluiting 

vertonen. Bovendien wezen infectie-experimenten op deze zelfde plantenlijnen erop dat 

planten die ArathEULS3 tot overexpressie brengen, beschikken over een verhoogde 

resistentie tegenover infectie met P. syringae vergeleken met de wild type controleplanten. 

Verder bleek dat planten met gereduceerde lectine expressie daarentegen vatbaarder zijn 

voor infectie met deze plantenpathogeen en meer ziektesyptomen ontwikkelen dan de wild 

type controleplanten. 

In Hoofdstuk 5 zochten we in meer detail naar interactoren voor het EUL lectine domein aan 

de hand van TAP experimenten waarbij dit lectinedomein werd gebruikt als aas. Deze 

analysen resulteerden in een tweede set van vermoedelijke interactoren, namelijk de 

fascicline-achtige arabinogalactaan proteïnen 17 en 18 (FLA17 en FLA18, respectievelijk TAIR 

locus nummer At5g06390 en At3g11700). Deze eiwitten werden eveneens onderworpen aan 

microscopische analysen die de interactie tussen het lectine en de FLA proteïnen 

bevestigden in de rand van de cel. Dit resultaat heeft ons aangezet om verder te 

onderzoeken waar deze interactie precies plaatsvindt door middel van een gedetailleerde 

subcellulaire lokalisatiestudie. Deze preliminaire experimenten toonden aan dat ArathEULS3 

zich niet alleen in de kern en het cytoplasma bevindt, maar ook ter hoogte van de 

plasmamembraan, en dat het eiwit kan gesecreteerd worden in de extracellulaire ruimte. 

Een algemene discussie over de meest belangrijke resultaten van dit doctoraatsonderzoek 

evenals perspectieven voor verder onderzoek werden voorgesteld in Hoofdstuk 6. Doorheen 
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dit doctoraatsonderzoek is het duidelijk geworden dat ArathEULS3 betrokken is in een 

complex netwerk van abiotische en biotische stress responsen en hoogstwaarschijnlijk een 

belangrijke rol speelt in de opening en sluiting van stomata. Het is echter evenzeer duidelijk 

dat we slechts het oppervlak van de ingewikkelde mechanismen achter deze observaties 

hebben belicht. Verder onderzoek is dus aangewezen om de rol van ArathEULS3 en de 

verschillende types EUL lectines in de plantencel verder op te helderen en om te 

onderzoeken hoe deze kennis kan bijdragen tot de verbetering van planten en gewassen. 
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Supplemental Figure 1: Genevestigator analysis in search of perturbations with a significant effect on 

the ArathEULS3 gene expression. Only perturbations which showed at least a 2-fold change in gene 

expression and a p-value < 0.001 are shown. 
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Supplemental Figure 2: Position of the salt/drought/ABA, MeJA and pathogen-related cis-regulatory 

elements in the 2000 bp region upstream of the ArathEULS3 TSS. Elements are color coded according 

to Supplemental Table 3. In case elements have overlapping sequences, nucleotides are marked with 

the codes of both corresponding elements. For elements occurring on the - strand, the reverse 

complements are indicated. Palindrome elements are only marked once. 

 

GTTGCAAGTCAACATAATTATTTAGAAGTATTTATAATTCCCGCAAATAATAATTTAGCTT
CATTAGTTGAACTATAACGTGAACATCCATTATGCAGATATTTATAGATTTCACTGCTATC
TCCATTTATTCACGCATTTCTTTTTTTGTTATTCTTTTAAACTTTCATTGTCCTAATGAAAGT
TTAACCTTCTTTGTCAGTGGCCGGCCATTATCTTAAATTCTTAATCCTTCCATCTTGCAAT
AACTTGGTGTTTTTATATATAGTATCAAAGGAGTAAACGGATTGTAAATTTCACAATTTGA
AGCTTTTACATATCATACATACACTCACAAAAGAAATTCAATATCCATGGTCTATTTAACA
TTAATTCAACAAAAAAAAAATCATGGTCCAAATCAAAATCTTTTTCCATATGCAATGGGA

ATTTTGGGAAAAAAATCAAAATTTTGTTCACATATAGTTGAAACGTTTGTTCAAAATTTT
CTGTCTCTTTTAACCTTTTAGTTGACGCAATCGTCTTTTGTCTACGGCTATATTTGAGACG
AAAACGTTAAGTTGAAAAGTCAAACGAAGTCGTCGCTTCCAAAGGCACCAATCGTTTTA
ATCTATTTTCTCGGGCTCATATGGCCTAAGTCCACAAGGTAAAGGCCCACTTATTATTTTA
AAGGCCCAACTCCCAACTCTAGTATGCGTTGATTTAGCATATAATTTTTTTTTCTCCAAAG
AAGCAAAGACACAGAAATTCACAAGTTATTAATGAATTTATACTATTTACATTATAACCT
CTATAAATTAATACTCGATAAATTAATAACTTTTATAAATTAATAAAAATTTTTGGTCAT

GAGTTGGGACCAGTGTAAAAAATTACACAAATCGATAAATTAATAAGATAAATAATTAT
TTTAAAATCCCTATGTAAATATATGGTCTTATTAATAACATAAATTAATAGTTGTAAAAAA
TTCTTAAAATATATATATATATATATATATATATATAAGTTATACTCACTCTATTCCTTTTT
GTTGTATATATATATATATATATATATATATATATATATATAAGTTATACTCACTCTATTCC
TTTTTGTTGTATATATATATATATATATATATATAAGTTATATTCACTCTATTCCTTTTTGTT
TGATTGTTTAGAAAAAAAAATTGTTTCTAAAAGATTGATTTTTTAAGTTTTCCATGTAATA

TTTATTGGTTAGTATTGACGAATTGTAATTTTCAAGAAAAATAGTTAATTATTATTGGTT

TAAAGTTATAAAAAACTGTAAAAAACTAAAAATAATACATTTATAATCAACATTTAATAT

GTTTTCTTAATATGTGTGTTTTTTCTAAACAATCAAACAAAAAAGAACAGAGGGAGTATG
TTAGAAATATTAGTAAAATATGAATCTGCTATTATTTTTATTTTTATTATACTAATTCTTAG
TAATGTTCAATTTTAATAATTTTACTACATCGAAAACACTTTTTTGTTATTTTATAGACACA
ATAATTTAGTCTTATTTGCAATTATTTCTAGAAAAATAATGATTATAAATAAAACAAAAT

TAATTTAAACATAATATTTTTTTAAAATTACAAAATTAGTCTAAACTCTCTATAAATTAAT

AATTATTAATTTATTGATAAATTAATACCTCTATAAATTAATAGAAATTTATGGTCCCAAC
ATCATTAATTTATAGAGATTTTACTATGGAATAAGAAGCAAATCTAAAAAATTTATAAAT
TAATATCAATATTTATGCTATTACTTCTTCATTTTTTAAAGTCTTGKTATTTACTTAAGTAA
GCCTAAATTTTTAATAATGATCTTATCTTATGTAATTGATTAAAAAATCGTATAGTAGACT
ATTCAACAAAACGTGAATCATAGTGTTGTTACCAAAACCCATTAGTGTAGCGACAACTGT

CCTTTCACATC CTTATA CAAATT CTCTTC CCTCCGGTCATCTCGGAAACTTGT 

 

 

TATA-element Y-patch TSS 
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Supplemental Table 1: Cloning primers used in this study 

 

 

 

 

 

 

Primer name  Primer sequence (5’-3’)

ArathEULS3Full_P-F GGCGGAGAATTCACCATGGAGCACCACCACCAGCATCACCG

ArathEULS3Full_P-R CCCGCTTTCTAGAATGAAAGGAAAGATCTTCCAGAGCTG

Arath_EULdom_P-F GGCGGAGAATTCACCATGGCCGGAAGAGCAACGGTGAAGG

Arath_EULdom_P-R CCCGCTTTCTAGAATGAAAGGAAAGATCTTCCAGAGCTG

AOX1-F GACTGGTTCCAATTGACAAGC

AOX1-R GCAAATGGCATTCTGACATCC

ArathEULS3Full-F AAAAAGCAGGCTTCACCATGGAGCACCACCACCAGCAT

ArathEULS3Full-R AGAAAGCTGGGTG(TCA)GAAAGGAAAGATCTTCCAGAGC

Arath_EULdom-F AAAAAGCAGGCTTCACCATGGCCGGAAGAGCAACGG

Arath_EULdom-R AGAAAGCTGGGTG(TCA)GAAAGGAAAGATCTTCCAGAGC

Arath_Ndom-F AAAAAGCAGGCTTCACCATGGAGCACCACCACCAGC

Arath_Ndom-R AGAAAGCTGGGTGGAGTCCAGCAAGATTATCAGGTAGACG

AttBFull-F GGGGACAAGTTTGTACAAAAAAGCAGGCT

AttBFull-R GGGGACCACTTTGTACAAGAAAGCTGGGT

Kan-F ATGATTGAACAAGATGGATTGCACGC

Kan-R TCAGAAGAACTCGTCAAGAAGGCG

ATS3A-F AAAAAGCAGGCTTCACCATGCTCAGATTAGCGATTCCTTTGTT

ATS3A-R AGAAAGCTGGGTG(TTA)CATAGCTGCAACGGAAGAGGTAG 

ATS3B-F AAAAAGCAGGCTTCACCATGGCGTCCGTACGACTCTTCTTCACTTT

ATS3B-R AGAAAGCTGGGTG(TTA)CAAGAGCAATGTGGTACCGGCG

FLA17-F AAAAAGCAGGCTTCACCATGGATCGCCGCATCTATGGTGGCTCCGCCG

FLA17-R AGAAAGCTGGGTGTCACCGGCATTTGCTGAGATAAGTGTCCTTGCC

FLA18-F AAAAAGCAGGCTTCACCATGGATCGTTGTATCTATGGTTGCTCCG

FLA18-R AGAAAGCTGGGTGTCAGCATCTGCTTAGATATGAGTCCTTCCCAATAGC

Pichia pastoris  cloning

General cloning

Cloning primers
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Supplemental Table 2: qPCR primers used in this work 

 

 

Gene TAIR locus nr Treatment Forward (F) primer (5’-3’) Reverse (R) primer (5’-3’) Reference

Protein phosphatase 2A (PP2A) At1g13320 All TCCGAGATCACATGTTCCAAACTC CCGTATCATGTTCTCCACAACCG Czechowski et al., 2005

TIP41-like protein (TIP41) At4g34270 All TGAACTGGCTGACAATGGAGTG CATGAGCTTGGCATGACTCTCAC Czechowski et al., 2005

Ubiquitin conjugating enzyme 9 (UBC9) At4g27960 All TCCTACTTCATGTAGCGCAGGAC TCCTCCAGAATAAGGGCTATCCG Czechowski et al., 2005

Arabidopsis thaliana Response Regulator 2 (ARR5) At3g48100 BAP treatment CCTGATTCTTTCGGCTTACAATTT TGATCAGTCTTGGTTCTATCAGCAA Pandey and Assman, 2004

Cold-Regulated protein 15A (COR15A) At2g42540 ABA treatment CTCAGTTCGTCGTCGTTTC CATCTGCTAATGCCTCTTT Chen et al., 2009

Ethylene receptor subfamily 1 (ERS1) At2g40940 Ethephon treatment GGTTTGTCGGGCTAATGG ACCACTGCTACTGCTTGGAC /

Gibberellic Acid Insensitive (GAI) At1g14920 GA3 treatment AATGAATTGATCTGTTGAACCGG GGCTTCGGTCGGAAATCTATC Mir et al., 2014

Indole-3-Acetic Acid Inducible 1 (IAA1) At4g14560 IAA treatment AGGACACAGAGCTTCGTTTGG GTCGTTGTTCTTGCGCTTGT /

Jasmonic Acid Carboxyl Methyltransferase (JMT) At1g19640 JA treatment TATGTAAGCTCGCCACGATACGCT AACACGATCAACCGGCTCTAACGA Yang et al., 2007

Pathogenesis-related protein 1 (PR1) At2g14610 Infection with P. syringae GCTACGCAGAACAACTAAGAGG GCCTTCTCGCTAACCCACAT Espunya et al., 2012

Plant Defensin 1.2 (PDF1.2) At5g44420 Infection with B. cinerea AAGTTGTGCGAGAAGCCAAG CCATGTTTGGCTCCTTCAAG Kim et al., 2010

Responsive to desiccation 29A (RD29A) At5g52310 Mannitol treatment ATCACTTGGCTCCACTGTTGTTC ACAAAACACACATAAACATCCAAAGT Pandey and Assman, 2004

WRKY DNA-Binding Protein 70 (WRKY70) At3g56400 SA treatment CATGGATTCCGAAGATCACA CTGGCCACACCAATGACAA Besseau et al., 2012

ArathEULS3 At2g39050 All GCTGGACTCGCCGGAAGAGC TCTCGTCTTTGTACCAATGCTGTGC /

ATHB-7 At2g46680 All hormones GACACAGGAGGAGGAAAGGC AACCTCTTCCGGTTTACGCC /

ATS3A At2g41475 Life cycle CAAAGCTAGAGAATGCGGCTGCG CGTTGCCGTAGACATCACCAAACG /

ATS3B At5g62200 Life cycle ACGTTAGCCTCATCCAGAAATTGGG TAGCCATCGCCGAAAGCGACG /

FLA17 At5g06390 Life cycle CAGCCGAGAAGAGGGAAATTGTTGG CGGGTTTGCGAATTCACCGGC /

FLA18 At3g11700 Life cycle CGGTTAAATTCGGTTCTGGTGACCG CCAGCAACTTCCCTCTTCTCGGC /

Internal controls to normalize expression data

Positive controls for stress experiments (known stress inducible genes/proteins)

qPCR Target genes
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Supplemental Table 3: List of the salt/drought/ABA, JA and pathogen-related cis-regulatory elements 

in the 2000 bp region upstream of the ArathEULS3 transcription start site. The markup used here 

serves as a legend to Supplemental Figure 2. 

 

 

 

 

 

 

 

 

 

Species of origin Factor or Site Name # Occurrence Signal Sequence Associated with References 

Arabidopsis thaliana ABRELATERD1 2 ACGTG Drought/ABA Nakashima et al., 2006 

 

ACGTATERD1 8 ACGT Drought Simpson et al., 2003 

 

ATHB-7 5 TAATNATTA Salt/ABA Valdés et al., 2012 

 

DPBFCOREDCDC3 1 ACACNNG ABA Lopez-Molina et al., 2000 

 

L1BOXATPDF1 1 TAAATGYA Drought Henriksson et al., 2005 

 

MYB1AT 2 WAACCA Drought/ABA Abe et al., 2003 

 

MYB2CONSENSUSAT 1 YAACKG Drought/ABA Abe et al., 2003 

 

MYBATRD22 1 CTAACCA Drought/ABA Busk et al., 1998 

 

MYBCORE 1 CNGTTR Drought Solano et al., 1995 

 

MYCCONSENSUSAT 6 CANNTG Drought Agarwal et al., 2006 

 

PREATPRODH 1 ACTCAT Osmotic stress Weltmeier et al., 2006 

 

T/GBOXATPIN2 2 AACGTG Jasmonic acid Boter et al., 2004 

 

WBBOXPCWRKY1 1 TTTGACY Pathogens Eulgem et al., 2000 

Oryza sativa BIHD1OS 1 TGTCA Pathogens Luo et al., 2005 

 
WRKY71OS 7 TGAC Pathogens Eulgem et al., 2000 

Glycine max GT1GMSCAM4 7 GAAAAA Pathogen/Salt Park et al., 2004 
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Supplemental Table 4: List of all cis-regulatory elements in the 2000 bp region upstream of the ArathEULS3 TSS. The list is divided in elements which have 

been described in Arabidopsis and elements described in other plant species. Elements related to drought/salt/ABA are marked in blue. Elements related to 

pathogen responses are marked in orange. Elements related to JA are marked in green. The number of occurrences is the sum of occurrences in + and - 

strand. 

 

Species of origin Factor or Site Name # Occurrences Signal Sequence Associated with References 

Arabidopsis ABRELATERD1 2 ACGTG Drought/ABA Nakashima et al., 2006 

 

ACGTATERD1 8 ACGT Drought Simpson et al., 2003 

 

ANAERO1CONSENSUS 3 AAACAAA Anaerobiosis Mohanty et al., 2005 

 

ARFAT 1 TGTCTC Auxin Inukai et al., 2005 

 

ARR1AT 25 NGATT Cytokinin Ross et al., 2004 

 

ASF1MOTIFCAMV 2 TGACG Auxin/SA/Light Despres et al., 2003 

 

ATHB-7 5 TAATNATTA Salt/ABA Valdés et al., 2012 

 

CARGCW8GAT 2 CWWWWWWWWG Flower Folter et al., 2006 

 

CCAATBOX1 3 CCAAT Heat Wenkel et al., 2006 

 

DPBFCOREDCDC3 1 ACACNNG ABA Lopez-Molina et al., 2000 

 

E2FCONSENSUS 1 WTTSSCSS Cell cycle Vandepoele et al., 2005 

 

GAREAT 2 TAACAAR Gibberellic acid Ogawa et al., 2003 

 

GATABOX 12 GATA Light/Tissue Rubio-Somoza et al., 2006 

 

GT1CONSENSUS 19 GRWAAW Light Zhou, 1999 

 

HDZIP2ATATHB2 4 TAATMATTA Light Ohgishi et al., 2001 

 

IBOX 1 GATAAG Light Rose et al., 1999 

 

L1BOXATPDF1 1 TAAATGYA Drought Henriksson et al., 2005 

 

MYB1AT 2 WAACCA Drought/ABA Abe et al., 2003 

 

MYB2CONSENSUSAT 1 YAACKG Drought/ABA Abe et al., 2003 

 

MYBATRD22 1 CTAACCA Drought/ABA Busk et al., 1998 

 

MYBCORE 1 CNGTTR Drought Solano et al., 1995 

 

MYBCOREATCYCB1 1 AACGG Cell cycle Planchais et al., 2002 

 

MYCCONSENSUSAT 6 CANNTG Drought Agarwal et al., 2006 

 

POLASIG1 7 AATAAA Polyadenylation Loke et al., 2005 

 

POLASIG3 17 AATAAT Polyadenylation Joshi, 1987 

 

PREATPRODH 1 ACTCAT Osmotic stress Weltmeier et al., 2006 

 

RAV1AAT 8 CAACA Ethylene Kagaya et al., 1999 

RHERPATEXPA7 2 KCACGW Root Kim et al., 2006 
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SITEIIATCYTC 2 TGGGCY Mitochondria Welchen et al., 2006 

SORLIP1AT 1 GCCAC Light Jiao et al., 2005 

SORLIP2AT 2 GGGCC Light Hudson et al., 2003 

SORLIP5AT 2 GAGTGAG Light Jiao et al., 2005 

SORLREP3AT 2 TGTATATAT Light Hudson et al., 2003 

SURECOREATSULTR11 2 GAGAC Sulphur Maruyama-Nakashita et al., 2005 

T/GBOXATPIN2 2 AACGTG Jasmonic acid Boter et al., 2004 

WBBOXPCWRKY1 1 TTTGACY Pathogens Eulgem et al., 2000 

WBOXATNPR1 4 TTGAC Salicylic acid Xu et al., 2006 

XYLAT 1 ACAAAGAA Xylem Ko et al., 2006 

Other species -10PEHVPSBD 1 TATTCT Light Thum et al., 2001 

-300ELEMENT 2 TGHAAARK Endosperm Thomas et al., 990 

AACACOREOSGLUB1 1 AACAAAC Endosperm Wu et al., 2000 

ACGTTBOX 4 AACGTT Light Foster et al., 1994 

AMYBOX1 2 TAACARA Amylase Huang et al., 1990 

AMYBOX2 1 TATCCAT Amylase Hwang et al., 1998 

BIHD1OS 1 TGTCA Pathogens Luo et al., 2005 

BOXIINTPATPB 1 ATAGAA Plastid Kapoor et al., 1999 

CAATBOX1 22 CAAT Seed Shirsat et al., 1989 

CACTFTPPCA1 30 YACT Mesophyl Gowik et al., 2004 

CAREOSREP1 3 CAACTC Gibberellic acid Sutoh et al., 2003 

CATATGGMSAUR 4 CATATG Auxin Xu et al., 1997 

CGACGOSAMY3 1 CGACG Amylase Hwang et al., 1998 

CPBCSPOR 1 TATTAG Cytokinin Fusada et al., 2005 

DOFCOREZM 28 AAAG Endosperm Yanagisawa, 2000 

EBOXBNNAPA 6 CANNTG Light/Tissue Hartmann et al., 2005 

EECCRCAH1 4 GANTTNC CO2 Yoshioka et al., 2004 

GT1CORE 2 GGTTAA Light Zhou, 1999 

GT1GMSCAM4 7 GAAAAA Pathogen/Salt Park et al., 2004 

GTGANTG10 12 GTGA Pollen Rogers et al., 2001 
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IBOXCORE 6 GATAA Light Terzaghi et al., 1995 

IBOXCORENT 1 GATAAGR Light Martinez-Hernandez et al., 2002 

INRNTPSADB 5 YTCANTYY Light Nakamura et al., 2002 

LECPLEACS2 2 TAAAATAT Ethylene Matarasso et al., 2005 

MARTBOX 2 TTWTWTTWTT Scaffold attachment Gasser et al., 1989 

MYBGAHV 2 TAACAAA Gibberellic acid Gubler et al., 1999 

MYBST1 1 GGATA MYB-related Baranowskij et al., 1994 

NODCON1GM 2 AAAGAT Root nodules Stougaard et al., 1990 

NODCON2GM 2 CTCTT Root nodules Stougaard et al., 1990 

NTBBF1ARROLB 2 ACTTTA Auxin Baumann et al., 1999 

OSE1ROOTNODULE 2 CTCTT Root nodules Fehlberg et al., 2005 

OSE1ROOTNODULE 2 AAAGAT Root nodules Fehlberg et al., 2005 

 POLLEN1LELAT52 15 AGAAA Pollen Filichkin et al., 2004 

PRECONSCRHSP70A 2 SCGAYNRNNNNNNNNNNNNNNNHD Light von Gromoff et al., 2006 

PYRIMIDINEBOXHVEPB1 1 TTTTTTCC Gibberellic acid Cercos et al., 1999 

PYRIMIDINEBOXOSRAMY1A 4 CCTTTT Gibberellic acid Mena et al., 2002 

REALPHALGLHCB21 2 AACCAA Light Degenhardt et al., 1996 

ROOTMOTIFTAPOX1 18 ATATT Root Elmayan et al., 1995 

SEBFCONSSTPR10A 1 YTGTCWC Auxin Boyle et al., 2001 

SEF1MOTIF 2 ATATTTAWW Embryo Lessard et al., 1991 

SEF3MOTIFGM 1 AACCCA Embryo Lessard et al., 1991 

SEF4MOTIFGM7S 7 RTTTTTR Embryo Lessard et al., 1991 

SP8BFIBSP8BIB 1 TACTATT Root Nakamura et al., 1994 

TAAAGSTKST1 4 TAAAG Guard cell Plesch et al., 2001 

TATABOX2 12 TATAAAT Core-element Grace et al., 2004 

TATABOX3 13 TATTAAT Core-element Grace et al., 2004 

TATABOX4 4 TATATAA Core-element Grace et al., 2004 

TATABOX5 13 TTATTT Light Tjaden et al., 1995 

TATABOXOSPAL 1 TATTTAA Core-element Zhu et al., 2002 

TATAPVTRNALEU 1 TTTATATA Anaerobiosis Geffers et al., 2001 



Supplemental data 

168 

 

 

 

 

 

 

 

 

 

 

 

TATCCAOSAMY 1 TATCCA Gibberellic acid Chen et al., 2006 

TATCCAYMOTIFOSRAMY3D 1 TATCCAY Endosperm Rubio-Somoza et al., 2006 

TE2F2NTPCNA 1 ATTCCCGC Cell cycle Kosugi et al., 2002 

WBOXHVISO1 2 TGACT Sugar Sun et al., 2003 

WBOXNTERF3 4 TGACY Wounding Nishiuchi et al., 2004 

WRKY71OS 7 TGAC Pathogens Eulgem et al., 2000 
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Supplemental Table 5: Distribution and ID of the glycans on the glycan array used in Chapter 4. 

 

o o o o o o o o o o o o o o o o o o o o o o o o

1 1 1 2 2 2 3 3 3 4 4 4 1 1 1 2 2 2 3 3 3 4 4 4

5 5 5 6 6 6 7 7 7 8 8 8 5 5 5 6 6 6 7 7 7 8 8 8

9 9 9 10 10 10 11 11 11 12 12 12 9 9 9 10 10 10 11 11 11 12 12 12

13 13 13 14 14 14 15 15 15 16 16 16 13 13 13 14 14 14 15 15 15 16 16 16

17 17 17 18 18 18 19 19 19 20 20 20 17 17 17 18 18 18 19 19 19 20 20 20

21 21 21 22 22 22 23 23 23 24 24 24 21 21 21 22 22 22 23 23 23 24 24 24

25 25 25 26 26 26 27 27 27 28 28 28 25 25 25 26 26 26 27 27 27 28 28 28

29 29 29 30 30 30 31 31 31 32 32 32 29 29 29 30 30 30 31 31 31 32 32 32

33 33 33 34 34 34 35 35 35 36 36 36 33 33 33 34 34 34 35 35 35 36 36 36

37 37 37 38 38 38 39 39 39 40 40 40 37 37 37 38 38 38 39 39 39 40 40 40

41 41 41 42 42 42 43 43 43 44 44 44 41 41 41 42 42 42 43 43 43 44 44 44

45 45 45 46 46 46 47 47 47 48 48 48 45 45 45 46 46 46 47 47 47 48 48 48

49 49 49 50 50 50 51 51 51 52 52 52 49 49 49 50 50 50 51 51 51 52 52 52

53 53 53 54 54 54 55 55 55 56 56 56 53 53 53 54 54 54 55 55 55 56 56 56
o o o o o o o o o o o o o o o o o o o o o o o o

o o o o o o o o o o o o o o o o o o o o o o o o

B B B B B B B B B B B B B B B B B B B B B B B B

B B B B B B B B B B B B B B B B B B B B B B B B

B B B B B B B B B B B B B B B B B B B B B B B B

o o o o o o o o o o o o o o o o o o o o o o o o

57 57 57 58 58 58 59 59 59 60 60 60 57 57 57 58 58 58 59 59 59 60 60 60

61 61 61 62 62 62 63 63 63 64 64 64 61 61 61 62 62 62 63 63 63 64 64 64

65 65 65 66 66 66 67 67 67 68 68 68 65 65 65 66 66 66 67 67 67 68 68 68

69 69 69 70 70 70 71 71 71 72 72 72 69 69 69 70 70 70 71 71 71 72 72 72

73 73 73 74 74 74 75 75 75 76 76 76 73 73 73 74 74 74 75 75 75 76 76 76

77 77 77 78 78 78 79 79 79 80 80 80 77 77 77 78 78 78 79 79 79 80 80 80

81 81 81 82 82 82 83 83 83 84 84 84 81 81 81 82 82 82 83 83 83 84 84 84

85 85 85 86 86 86 87 87 87 88 88 88 85 85 85 86 86 86 87 87 87 88 88 88

89 89 89 90 90 90 91 91 91 92 92 92 89 89 89 90 90 90 91 91 91 92 92 92

93 93 93 94 94 94 95 95 95 96 96 96 93 93 93 94 94 94 95 95 95 96 96 96

97 97 97 98 98 98 99 99 99 100 100 100 97 97 97 98 98 98 99 99 99 100 100 100

101 101 101 102 102 102 103 103 103 104 104 104 101 101 101 102 102 102 103 103 103 104 104 104

105 105 105 106 106 106 107 107 107 108 108 108 105 105 105 106 106 106 107 107 107 108 108 108

109 109 109 110 110 110 111 111 111 112 112 112 109 109 109 110 110 110 111 111 111 112 112 112

113 113 113 114 114 114 115 115 115 116 116 116 113 113 113 114 114 114 115 115 115 116 116 116

117 117 117 118 118 118 120 120 120 119 119 119 117 117 117 118 118 118 120 120 120 119 119 119

121 121 121 122 122 122 123 123 123 B B B 121 121 121 122 122 122 123 123 123 B B B
B B B B B B B B B B B B B B B B B B B B B B B B

o o o o o o o o o o o o o o o o o o o o o o o o

o o o o o o o o o o o o o o o o o o o o o o o o

o o o o o o o o o o o o o o o o o o o o o o o o
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1 Mannan (Ivory nut) 43 Lime pectin(P60) 85 Xylopentaose

2 Galactomannan (Carob) 44 Lime pectin(P66) 86 Xylohexaose

3 Glucomannan (Konjac) 45 Lime pectin(P76) 87 Aldouronic acids

4 Xylan (Birch) 46 Sugar beet pectin 88 Glucoronoxylan oligo (XU)

5 Arabinoxylan (Wheat) 47 Sugar beet Arabinan 89 Glucoronoxylan oligo (U)

6 Xyloglucan (Tamarind seed) 48 Linear Arabinan 90 Cellobiose

7 MLG Lichenan, B-glucan 49 Pectic galactan 91 Cellotriose

8 B-glucan (Yeast) 50 RGI (Soy Bean) 92 Cellotetraose

9 B-glucan (Oat) 51 RGI potato 93 Cellopentaose

10 B-glucan (Barley flour) 52 Lime pectin (E0) 94 Cellohexaose

11 B-glucan (Euglena gracillis) 53 Lemon pectin 95 GlucotrioseA

12 Carboxymethyl cellulose 54 Apple pectin 96 GlucotrioseB

13 Hydroxymethyl cellulose 55 CP Kelco pectin 97 GlucotetraoseA

14 Hydroxyethyl cellulose 56 Sigma esterified citrus pectin 98 GlucotetraoseB

15 Hydroxypropyl cellulose 57 Arabinobiose 99 GlucotetraoseC

16 Ethyl cellulose 58 Arabinotriose 100 Laminaribiose

17 2-hydroxyethyl cellulose 59 Arabinotetraose 101 Laminaritriose

18 Methyl cellulose 60 Arabinopentaose 102 Laminaritetraose

19 Pachyman 61 Arabinohexaose 103 Laminaripentaose

20 Pullulan 62 Arabinoheptaose 104 Laminarihexaose

21 Laminarin 63 Arabinooctaose 105 Maltose

22 Arabinogalactan, Type II (AGP) 64 D-Galactose 106 Maltotriose

23 Locust bean gum (Galactomannan rich) 65 Galactobiose 107 Maltopentose

24 Gum Guar 66 Galactopentaose 108 Maltohexaose

25 Gum Karaya 67 Galactosyl-mannobiose 109 Maltotetraose

26 Gum tragacant 68 Galactosyl-mannotriose 110 Maltoheptaose

27 Gum Ghatti 69 Galactosyl-mannobiose/mannotriose111 N-acetyl-2-deoxy-glucos-2-amine

28 Xanthane gum (Rhodigel 80) 70 di-galacotsyl-mannopentaose 112 Di acetyl-Chitobiose

29 Xanthane gum (Rhodigel TSC) 71 D-mannose 113 Tri acetyl-Chitotriose

30 Gum arabic 72 Mannobiose 114 Tetra acetyl-Chitotetraose

31 Lime pectin (E81) 73 Mannotriose 115 Penta acetyl-Chitopentaose

32 Lime pectin (B15) 74 Mannotetraose 116 Hexa acetyl-Chitopentaose

33 Lime pectin (B43) 75 Mannopentaose 117 Lactose

34 Lime pectin(B64) 76 Mannohexaose 118 D-glucose

35 Lime pectin( B71) 77 Isoprimeverose 119 Galactosyl-galactobiose

36 Lime pectin(F11) 78 xyloglucan heptamer (Megazymes)120 Galactosyl-galactotriose

37 Lime pectin(F31) 79 xyloglucan heptamer (XGO7) 121 Galactosyl-galactotriose

38 Lime pectin(F58) 80 xyloglucan heptamer (XGO9) 122 Arabinobiose feruloylated

39 Lime pectin(F76) 81 XG-oligosaccharide 123 Arabinotriose feruloylated

40 Lime pectin(P16) 82 Xylobiose 124 Galactobiose feruloylated

41 Lime pectin(P32) 83 Xylotriose 125 RGI backbone

42 Lime pectin(P46) 84 Xylotetraose 126 BSA
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Supplemental Table 6: MS data table 

AGI code Length Expect Score Unique peptides Observed Mr(expt) Mr(calc) Δ (Da) Miss Peptide Ion Score Expect 

AT2G39050 317 8.9E10-67 706 8 860.4261 859.4188 859.4188 0 0 K.GDNQLWK.I 19 2.5E10-01 

hydroxyproline-rich glycoprotein family protein (ArathEULS3) 1190.617 1.189.610 1189.609 0.0007 0 K.AEPNYNLTIR.D 65 6.3E10-06 

          1218.575 1217.567 1217.568 -0.0005 0 R.LNVDAYHGDSK.S 80 2.0E10-07 

          1423.793 1422.785 1422.784 0.0008 0 K.HSVGATHPVHLIR.Y 105 6.3E10-10 

          1447.714 1446.707 1446.714 -0.0077 0 R.DGTTIVLWDWNK.G 79 2.5E10-07 

          1908.953 1907.946 1907.952 -0.0059 1 R.YVPDKLDESVLWTESK.D 113 1.0E10-10 

          1939.946 1938.939 1938.948 -0.0089 0 K.VILAPADPSDEAQHWYK.D 69 2.5E10-06 

          2312.121 2311.114 2311.112 0.0015 1 K.VILAPADPSDEAQHWYKDEK.Y 100 2.0E10-09 

AT5G62200 190 4.5E10-16 199 2 2070.991 2069.983 2069.981 -0.0027 0 R.DQISVAFGDGYGNQIYAPR.L 184 7.9E10-18 

A. thaliana embryospecific protein 3 (ATS3B) 3413.517 3412.51 3412.484 -0.0259 0 K.TFEQCSSDTFQINGPCTYQICYVYLYR.S 15 6.3E10-01 

AT2g41475 179 4.3E10+00 78 2 1214.627 1213.62 1213.617 -0.0023 0 R.DVCYLYLLR.Q 68 3.6E10-06 

A. thaliana embryospecific protein 3 (ATS3A) 2032.998 2031.991 2032.015 0.0247 1 R.DKISISFGDVYGNEVYVK.R 10 2.0E10+00 

AT5g06390 458 1.0E10-12 133 3 1632.752 1631.744 1631.747 -0.0013 0 K.SAYLFDPDIYTDGR.I 88 3.2E10-08 

fasciclin-like arabinogalactan protein 17 (FLA17) 1680.848 1679.841 1679.874 -0.0331 1 R.GKLLEVACSMLGAFGK.D 29 2.5E10-02 

          878.4944 877.4871 877.5022 -0.0151 1 K.VKFDTLR.F 16 5.2E10-01 

AT3g11700 462 3.2E10-14 148 3 1632.752 1631.744 1631.747 -0.0013 0 R.SAYLFDPDIYTDGR.I 88 3.2E10-08 

fasciclin-like arabinogalactan protein 18 (FLA18) 908.5112 907.5039 907.5127 -0.0088 1 K.VKYETLR.F 17 3.8E10-01 

          1190.612 1189.605 1189.624 -0.0196 1 K.YETLRFPHK.V 43 1.0E10-03 

AT4G25810 286 3.2E10-43 438 6 912.4564 911.4491 911.4501 -0.001 0 K.APFTASYR.G 57 3.7E10-05 

xyloglucan endotransglycosylase 6     970.5571 969.5498 969.5508 -0.001 1 K.RFPQGLPR.E 39 1.8E10-03 

          1147.538 1146.531 1146.531 0.0003 0 R.DVEITWGDGR.G 85 5.4E10-08 

          1621.876 1620.869 1620.888 -0.0186 1 R.IIFSVDGTPIREFK.N 61 1.5E10-05 

          1743.765 1742.758 1742.772 -0.0141 0 R.MYSSLWNAEEWATR.G 117 1.5E10-11 

          2523.194 2522.186 2522.202 -0.0156 0 K.LWFDPTSDFHTYSILWNPQR.I 79 1.8E10-07 
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Supplemental Table 1: MS data table, continued from p171 

AGI code Length Expect Score Unique peptides Observed Mr(expt) Mr(calc) Δ (Da) Miss Peptide Ion Score Expect 

AT5G14450 389 8.0E10-37 374 5 1077.589 1076.582 1076.587 -0.0047 0 R.LTIDFIAER.L 55 7.4E10-05 

gDSL-like Lipase/Acylhydrolase superfamily protein 1576.87 1575.863 1575.873 -0.0108 0 K.ATIPDIVNHLASAVR.N 87 3.5E10-08 

          1606.882 1605.875 1605.909 -0.0345 0 R.TLNGLLTDPPVPITR.A 16 4.2E10-01 

          1915.939 1914.932 1914.948 -0.0159 0 K.ALYTFDIGQNDLSVGFR.T 131 1.4E10-12 

          1985.025 1984.018 1984.042 -0.0238 0 R.LGLPYLSAYLNSLGSNFR.H 85 6.5E10-08 

AT3G23490 168 2.0E10-25 260 3 1019.496 1018.489 1018.483 0.0055 0 K.YLSHSEQR.T 51 2.3E10-04 

cyanase         1708.853 1707.846 1707.847 -0.0007 0 R.SYDPNLIQEPTIYR.L 94 9.1E10-09 

          2295.236 2294.229 2294.227 0.0015 0 K.TFSQLAAETGLTNVYVAQLLR.R 115 2.8E10-11 

AT3G45970 265 2.5E10-24 249 3 1220.627 1219.62 1219.62 0,0001 0 K.QGIVDIEYQR.V 61 2.4E10-03 

expansin-like A1         1297.538 1296.53 1296.534 -0.0037 0 K.DGAGCGACFQVR.C 59 6.1E10-06 

          2069.079 2068.071 2068.085 -0.0141 1 R.SHGAVWVTDKVPTGAIQFR.F 129 2.0E10-12 

AT4G34480 504 3.2E10-24 248 3 1241.669 1240.662 1240.668 -0.0055 0 K.AYNGNLIAHLR.S 66 5.1E10-06 

o-Glycosyl hydrolases family 17 protein   1416.736 1415.729 1415.741 -0.012 0 K.VEIVVAETGWASR.G 80 2.3E10-07 

          1909.886 1908.879 1908.904 -0.0252 0 K.YTNMFDAQVDAVHSALK.S 101 1.3E10-09 

AT5G11720 902 8.0E10-16 164 3 1239.673 1238.666 1238.666 -0.0002 0 R.WEIPETVIPR.A 74 5.6E10-07 

glycosyl hydrolases family 31 protein   1484.767 1483.76 1483.763 -0.0032 0 K.SLNLHVSLETSER.L 63 1.1E10-05 

          2155.088 2154.08 2154.107 -0.0266 1 R.ITDSSQQRWEIPETVIPR.A 28 3.2E10-02 

AT2G43510 89 1.3E10-15 162 2 1170.602 1169.595 1169.59 0.0047 0 R.IFPTICYTR.C 56 5.4E10-05 

trypsin inhibitor protein 1     1531.665 1530.658 1530.656 0.0014 0 K.EYGGDVGFGFCAPR.I 107 1.5E10-10 

AT5G58090 477 4.0E10-15 157 4 1242.622 1241.615 1241.593 0.0222 0 K.LFDAEYDTLR.A 21 1.6E10-01 

o-Glycosyl hydrolases family 17 protein   1417.722 1416.715 1416.719 -0.004 0 R.HWGIFTFDGLPK.Y 74 1.2E10-06 

          2020.01 2019.003 2019.031 -0.0286 0 R.RPGPIDAYLFSLIDEDAK.S 22 1.5E10-01 

          2506.089 2505.082 2505.112 -0.0303 0 K.VTCPLNADVYDSSTTFPSGGDFR.A 40 5.8E10-04 

AT2G17760 513 3.2E10-08 88 2 1856.92 1855.913 1855.914 -0.0011 0 K.IEDISIIGQNFMTGYR.V 40 2.1E10-03 

eukaryotic aspartyl protease family protein   1960.86 1959.853 1959.82 0.0325 0 K.EGIAANSFSMCFGNDGAGR.I 48 1.2E10-04 
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Supplemental Table 1: MS data table, continued from p171 

AGI code Length Expect Score Unique peptides Observed Mr(expt) Mr(calc) Δ (Da) Miss Peptide Ion Score Expect 

AT1G78060 767 3.2E10-08 88 2 1032.618 1031.611 1031.613 -0.0018 0 R.ALLNLFSVR.I 46 3.7E10-04 

glycosyl hydrolase family protein     1365.782 1364.775 1364.778 -0.0027 0 K.ISQLVNTAPGIPR.L 42 6.0E10-04 

AT1G68560 915 4.8E10-07 77 1 1286.691 1285.684 1285.682 0.0022 0 R.WEVPYNLLPR.E 77 4.8E10-07 

alpha-xylosidase 1                       

AT1G71380 484 8.0E10-07 74 2 1095.593 1094.586 1094.587 -0.0016 0 K.SLLFFQGQR.S 40 2.1E10-03 

cellulase 3         1112.609 1111.602 1111.603 -0.0011 0 K.YAGAYVLLSR.R 34 6.1E10-03 

AT4G36010 301 1.3E10-06 69 1 1166.663 1165.655 1165.661 -0.0056 0 R.VIPIPAAWSGR.I 69 1.3E10-06 

pathogenesis-related thaumatin superfamily protein                 
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