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1 Scope and aims 

SCOPE AND AIMS  

Membrane proteins are associated with the membrane by means of spanning the 

lipid bilayer of the membrane (integral proteins), attaching to the membrane surface 

or to the integral proteins (peripheral proteins) or penetrating into membrane but 

without spanning it (lipid-anchored proteins). It is estimated that 20 to 30% of all 

genes in most genomes encode integral proteins. Membrane proteins such as 

receptor kinases have important functions in signal perception and transduction. 

Other membrane proteins participate in signaling pathways by recruiting receptor 

kinases as well as other membrane proteins in their microdomains, which are small 

regions of membrane that have distinct and specialized structure and functions. They 

act as organizing centers for cellular processes such as signaling molecules 

assembly and trafficking.  

Tetraspanins are a class of integral proteins with four-transmembrane domains. They 

interact with other membrane proteins and recruit them in tetraspanin-enriched 

microdomains (TEMs) to facilitate signaling pathways. In the animal field,  

tetraspanins and TEMs functions in signaling pathways related to cell proliferation, 

gamete fusion and pathogen invasion have been extensively characterized. However, 

little is known about plant tetraspanins. Only one mutant phenotype has been 

described so far of the 17 members of the TETRASPANIN gene family in  

Arabidopsis thaliana, however the molecular basis of the phenotype is not known. 

This PhD project aimed at elaborately characterizing the role of the Arabidopsis 

TETRASPANIN gene family in development and growth by achieving the following 

specific goals with the respective approaches: The phylogenetic relationship was 

analyzed to identify gene evolution and duplication. Functional redundancy and 

divergence were investigated by promoter-reporter gene fusion and mutational 

analysis. In addition, TETRASPANINS crosstalk to environmental and hormonal 

stimuli, regulatory elements identification, and transcription factors-tetraspanins 

regulatory network were studied by bioinformatic approaches. Downstream biological 

processes and interacting proteins of TET1/TRN2 were investigated by 

transcriptomic and proteomic analysis to get insight in the components of its 

molecular network. It is expected that specific tetraspanins will be identified as novel 

components of existing signaling pathways related to plant growth and development. 



 
2 List of abbreviations 

LIST OF ABBREVIATIONS  

ABA Abscisic Acid 
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ABSTRACT  

Tetraspanins represent a four-transmembrane protein superfamily with a conserved 

structure and amino acid residues that are present in mammals, insects, fungi and 

plants. Tetraspanins interact with each other or with other membrane proteins to form 

tetraspanin-enriched microdomains that play important roles in development, 

pathogenesis and immune responses via facilitating cell-cell adhesion and fusion, 

ligand binding and intracellular trafficking. Here, we emphasize evolutionary aspects 

within the plant kingdom based on genomic sequence information. A phylogenetic 

tree based on 155 tetraspanins of 11 plant species revealed ancient and fast evolving 

clades. Tetraspanins were mainly present in higher plants, were duplicated in the 

plant genomes and predicted by the electronic Fluorescent Pictograph for gene 

expression analysis to be either functionally redundant or divergent. Tetraspanins 

contain a large extracellular loop with conserved cysteines that provide the binding 

sites for the interactions. The Arabidopsis thaliana 

TETRASPANIN1/TORNADO2/EKEKO has a function in leaf and root patterning and 

TETRASPANIN3 was identified in the plasmodesmatal proteome, suggesting a role 

in cell-cell communication during plant development.  

 

Keywords: Gene duplication; Phylogenetic tree; Membrane protein; Development; 

Arabidopsis; tet1/trn2 mutant 
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In plants, the fertilized egg cell develops gradually into a mature embryo by cell 

division, patterning and growth. Upon germination, the embryo develops into a 

seedling that grows and develops into a fertile plant mainly by the activity of the shoot 

and the root apical meristem (Weigel & Jürgens, 2002; Van Lijsebettens & Van 

Montagu, 2005). Multicellular organisms require cell-to-cell communication and 

signaling for their developmental programmes. The plant cell wall and plasma 

membrane are the interface for communication with the neighboring cells or for 

sensing signals from the vicinity. Many proteins are located at the cell wall and 

plasma membrane, some of which play roles in signal recognition, such as receptor 

kinases that are often anchored in the plasma membrane through membrane-

spanning domains and that have an extracellular domain (e.g. leucine rich repeat) 

that recognizes specific molecules or ligands and a cytoplasmic domain that gets 

phosphorylated upon receptor-ligand interaction and activates specific signaling 

cascades (Trotochaud et al., 1999; Clark, 2001). These receptor kinases are also 

important in pathogen recognition (Lee et al., 2011). Plant cells communicate with 

each other mainly through plasmodesmata that span the cell wall, contain 

endoplasmic reticulum and are abundant in meristematic cells. Transcription factors 

move between cell layers through plasmodesmata in the shoot apical meristem or 

during flower formation to perform their function (Lucas et al., 1995; Sessions et al., 

2000). The final result of these communication processes is patterning of the embryo 

or organ into axes, domains, tissue layers and cell types. Tetraspanins are another 

class of membrane proteins with two extracellular domains with specific conserved 

amino acid residues and motifs and a cytoplasmic amino and carboxy terminal 

domain that function in cell-cell communication in animals (Charrin et al., 2009). The 

only characterized plant tetraspanin is the Arabidopsis thaliana 

TETRASPANIN1/TORNADO2/EKEKO (TET1/TRN2) that functions in leaf and root 

patterning (Cnops et al., 2000; Olmos et al., 2003; Cnops et al., 2006; Chiu et al., 

2007).  

In this review, a phylogenetic tree was constructed based on the sequenced 

genomes of 11 plant species to explore the evolution of tetraspanins in the plant 

kingdom. A bioinformatics tool to investigate gene expression was used to predict 

functional redundancy or divergence in Arabidopsis and some other plant species. 

Mutational analysis and proteomics are discussed as promising approaches to help 

elucidate the function of tetraspanins in plants.  
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Membrane Proteins  

Membrane proteins are defined as proteins associated with a membrane. They can 

be classified into three groups according to the association with the membrane: 

integral proteins, peripheral proteins and lipid-anchored proteins (Karp, 2009) (Figure 

1). The classification and properties of membrane proteins are briefly summarized in 

Table 1. Integral proteins are transmembrane proteins that pass entirely through the 

membrane with their transmembrane domains (TMDs). Some have only one TMD, 

whereas others have more than one. Due to the transmembrane property, they have 

both cytoplasmic and extracellular domains. The TM is folded to form either α-helix or 

β-sheet secondary structure (Santoni et al., 2000). α-helix TMD containing integral 

proteins are present in all types of membranes while β-sheet TMD containing integral 

proteins are only present in the outer membranes of Gram-negative bacteria, 

chloroplasts and mitochondria (Wimley, 2003). Peripheral proteins associate with the 

surface of the membrane or the integral proteins by noncovalent bonds (Karp, 2009). 

Lipid-anchored proteins are attached to the membrane without spanning it by 

covalently binding to lipid molecules that reside within the membrane. The lipid 

molecule can be phosphatidylinositol, fatty acid or a prenyl chain (Karp, 2009). 

Peripheral proteins and lipid-anchored proteins can reside on either cytoplasmic or 

extracellular side. Integral proteins and lipid-anchored proteins are permanently 

attached to the membrane, they can be separated from the membrane only using 

detergents, nonpolar solvents or denaturing agents, whereas peripheral proteins are 

temporarily attached to the membrane, the association can be disrupted by polar 

reagents (Levy & Shoham, 2005b). It was estimated that 20-30% of all genes in most 

genomes encode integral proteins (Krogh et al., 2001). In Arabidopsis, about 43% 

proteins were predicted to have more than one TMD and 18% have more than two 

TMDs (Ward, 2001). Membrane proteins have important roles in various cellular 

processes, i.e., signal perception and transduction, cell adhesion, ion transport and 

endocytosis (Sachs & Engelman, 2006). They are the major targets of medicinal 

drugs (Yildirim et al., 2007).  

Tetraspanins are a class of integral membrane proteins with four TMDs which 

delimits a cytoplasmic amino and carboxy terminal domain, two extracellular loops 

and one intracellular loop (Figure 2). A few features distinguish tetraspanins from the 

other four-TMD containing membrane proteins. They have highly conserved 

transmembrane helices and a unique large extracellular loop (LEL) with conserved 
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cysteines that can form disulfide bridges to stabilize the structure of LEL (Cherukuri 

et al., 2004; Min et al., 2006). Most importantly, tetraspanins recruit multiple 

interacting proteins in a dynamic assembly to form tetraspanin-enriched 

microdomains (Levy & Shoham, 2005a). In this way, tetraspanins participate in cell-

cell communication during different cellular processes in animals, including cell 

proliferation, adhesion and fusion, motility and pathogen invasion, etc (Yáñez-Mó et 

al., 2009).  

 

 

Table 1. Classification and properties of membrane proteins. TMD, 

transmembrane domain.  

Type  Association 
manner  

Association 
strength 

Isolation chemicals  “Sidedness” 

integral 
proteins 

TMD  
(α-helix or β-sheet)  

permanent detergents, nonpolar 
solvents, denaturing 
agents 

cytoplasmic 
domain and 
extracellular 
domain 

peripheral 
proteins 

noncovalent bonds temporary  polar reagent cytoplasmic or 
extracellular side  

lipid-anchored 
proteins 

covalent bonds permanent detergents, nonpolar 
solvents, denaturing 
agents 

cytoplasmic or 
extracellular side 

 

 

 

Figure 1. Schematic representation of membrane proteins. Adapated from “Dept. 

Biol. PENN STATE” 

(https://wikispaces.psu.edu/pages/viewpage.action?pageId=112527206&navigatingV

ersions=true) with modifications. Lipid molecule is shown in yellow.  
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Figure 2. Schematic representation of tetraspanin protein. (a) Human tetraspanin 

structure (Levy & Shoham, 2005a) with modification. 1-4, TMDs. The conserved CCG 

motif in the LEL forms disulfide bridges (black lines) with additional conserved 

cysteines. The structure of the LEL is based on human tetraspanin CD81 (Kitadokoro 

et al., 2001). Other highlighted conserved cysteines at the N- and C-terminus and the 

intercellular loop are potential palmitoylation sites. (b) Plant tetraspanin structure 

based on AtTET1, “C” represents conserved cysteine residue; TM: transmembrane 

domain (Wang et al., 2012). Possible disulfide bridges of plant tetraspanins were not 

drawn in the scheme.  

 
 
Evolutionary and Phylogenetic Studies of Tetraspanins  

Currently, 33 tetraspanins are found in the human genome, 37 in Drosophila 

melanogaster and 20 in Caenorhabditis elegans. They are present from protozoa to 

metazoa and from fungi to plants and mammals. A yeast tetraspanin has been 

identified from Cryptococcus neoformans (Li et al., 2012). The wide presence in 

almost all the organisms indicates that tetraspanins experienced a long evolutionary 

history. Tetraspanins were identified in the protozoan amoeba Dictyostelium 

discoideum (Huang et al., 2005). Normally, D. discoideum is able to live as unicell, 

but when stimulated by adverse conditions such as starvation, it interacts with others 

to form a true multicellular body. Therefore, tetraspanins of amoeba are expected to 

have a function in the unicell-to-multicell transition (Huang et al., 2005).  

Based on the phylogenetic relationships and ancestral origin of tetraspanin groups, it 

was suggested that tetraspanins have evolved from a single or a few ancestral 

gene(s) by gene duplication and divergence rather than through convergence and 
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this evolution process had been impacted by gene loss and positive selection on 

coding sequence (Garcia-España et al., 2008; Huang et al., 2010). In addition to 

evolving independently, animal tetraspanins such as Uroplakin-Ia and Uroplakin-Ib 

also coevolved with their interactors UP II and UP IIIa, respectively (Garcia-España 

et al., 2006). Although tetraspanin sequences in different organisms have strongly 

diverged, some of the motifs remained conserved and stable throughout evolution, 

such as the CCG motif in the large extracellular loop that is present in most of the 

animal tetraspanins and in some fungal tetraspanins (Lambou et al., 2008; Garcia-

Espana & DeSalle, 2009; DeSalle et al., 2010). Gene duplication often results in 

gene redundancy, which complicates the investigation of the gene function and 

explains why a number of the family members are functionally unknown or less 

known (Huang et al., 2005). Indeed, gene redundancy hampers the functional 

analysis of tetraspanins by using knock out mutational analysis. Only a few family 

members are well-studied (Yáñez-Mó et al., 2009), such as animal CD9 (Cluster of 

Differentiation 9), which supports sperm-egg adhesion and fusion in mice (Kaji et al., 

2000; Jégou et al., 2011) and CD81 whose three-dimensional structure was the first 

to be elucidated (Figure 2) (Seigneuret, 2006). The most persuasive example of 

tetraspanin functional redundancy is the role of CD9 in sperm-egg fusion: the 

phenotype can be partially rescued by the injection of CD81 mRNA into CD9 mutants 

(Kaji et al., 2002). A reasonable explanation is that they share a similar primary 

structure and the same partners (Rubinstein, 2011). Thus, the weak or absent 

phenotypes in animal tetraspanin mutants can be explained by functional 

redundancy.  

Plant tetraspanin studies lag far behind as compared to those in animals. The model 

plant Arabidopsis thaliana contains 17 TETRASPANIN (AtTET1-17) genes, most of 

which have an unknown function (Cnops et al., 2006). We investigated sequenced 

plant genomes for the presence of tetraspanins using the PLAZA comparative 

genomics platform (Table 2) (Van Bel et al., 2012; Proost et al., 2015). Tetraspanins 

are mainly present in higher plants and moss Physcomitrella patens, indicating they 

already existed before the divergence of land plants. But they are not identified in the 

green algae (Chlamydomonas rheinhartii, Volvox carteri, Micromonas, Ostreococcus 

lucimarinus and Ostreococcus tauri) in this study neither in other studies (Boavida et 

al., 2013). It is hypothesized that tetraspanins might have been lost or become 

divergent in the distinct lineages as eukaryotes diverged because they are present in 
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protozoan amoeba, fungi and plants but are absent from those unicellular 

chlorophyte algae  (Boavida et al., 2013). Sequence similarity, secondary structure 

comparison or EST analysis in other species might solve the questions. A 

phylogenetic tree was generated based on 155 tetraspanins from 11 plant species 

(Figure 3). It consists of seven clades based on Arabidopsis thaliana tetraspanins. 

The TET1-TET2 clade consists of two sub-clades that originated by a duplication in 

the ancestor of angiosperms. Clades TET10 and TET7-TET9 contain moss 

homologs, which indicates that these are ancient tetraspanins and already existed 

before the split of mosses and flowering plants. The other five clades contain only 

homologs in monocots and dicots, suggesting that they originated later from the 

angiosperm ancestor. The TET3-TET4 clade contains a conserved sub-clade with 

short branches and a fast evolving sub-clade with long branches. The support for 

monocot homologs is low (bootstrap value 16%) in the clade TET7-TET9, but these 

genes are probably TET7-TET9 homologs. The TET13-TET17 clade includes only 

two Medicago truncatula tetraspanins, but 11 Arabidopsis tetraspanins with long 

branch distance, indicating recent sequence evolution. Arabidopsis thaliana contains 

several clades containing both ancient (AtTET1 & AtTET 2, AtTET5 & AtTET 6) and 

recent (AtTET3 & AtTET 4) gene duplications. Most sequences of Brachypodium 

distachyon, Oryza sativa, Sorghum bicolor and Zea mays group together, as do 

those from Glycine max and Medicago truncatula, reflecting their close relationships.  
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Table 2. Number of tetraspanins in genomic sequenced plant species. The data 

was based on PLAZA2.5 (Van Bel et al., 2012). The species used for phylogenetic 

tree is indicated in bold, recently included in PLAZA3.0 is underlined (Proost et al., 

2015). Initially, three tetraspanins were found in green algae (Ostreococcus 

lucimarinus and Ostreococcus tauri), but their secondary structures do not fit with 

tetraspanins topology, they have more than two extracellular loops or a larger first 

extracellular loop, therefore they are removed from the table. Secondary structure is 

analyzed with TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/).  

Species Number of TETs 

Amborella trichopoda 10 

Arabidopsis lyrata 22 

Arabidopsis thaliana 17 

Beta vulgaris 18 

Brachypodium distachyon 14 

Brassica rapa 32 

Capsella rubella 18 

Carica papaya 13 

Citrullus lanatus 16 

Citrus sinensis 16 

Cucumis melo 18 

Eucalyptus grandis 18 

Fragaria vesca 13 

Glycine max 31 

Gossypium raimondii 28 

Hordeum vulgare 11 

Lotus japonicus 12 

Malus domestica 19 

Manihot esculenta 23 

Medicago truncatula 10 

Musa acuminata 32 

Oryza sativa ssp. japonica 19 

Oryza sativa ssp. indica 15 

Physcomitrella patens 11 

Populus trichocarpa 26 

Prunus persica 14 

Ricinus communis 14 

Setaria italica 16 

Solanum lycopersicum 16 

Solanum tuberosum 20 

Sorghum bicolor 17 

Selaginella moellendorffii  10 

Thellungiella parvula 22 

Theobroma cacao 18 
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Vitis vinifera 11 

Zea mays 17 

Total 637 

Used for phylogenetic tree 155 

 

 

 

Figure 3. Maximum likelihood phylogenetic tree containing 155 tetraspanin 

genes in 11 plant species (Wang et al., 2012).  

Tetraspanin homologs were identified using sequence similarity and InterPro protein 

domain searches against the PLAZA 2.5 protein database (Van Bel et al., 2012). 

Dotted lines indicate branch lengths that were reduced 50%. Species abbreviations: 

AL - Arabidopsis lyrata, AT - Arabidopsis thaliana, BD - Brachypodium distachyon, 

GM - Glycine max, MD - Malus domestica, MT - Medicago truncatula, OS - Oryza 

sativa ssp. Japonica, PP - Physcomitrella patens, SB - Sorghum bicolor, VV - Vitis 

vinifera and ZM - Zea mays. A multiple sequence alignment was constructed using 

MUSCLE (Edgar, 2004) and manually edited using BioEdit. Phylogenetic tree 
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construction was performed using PhyML (Guindon et al., 2009) (WAG model, 1000 

bootstrap samples, estimated proportion of invariable sites, four substitue rate 

categories, gamma parameter estimated, the BIONJ distance-based tree as starting 

tree).  

 

 

The electronic Fluorescent Pictograph browser, which is based on microarray data 

and visualizes gene expression patterns throughout development was used to predict 

whether the duplicated genes (also called paralogs) derived from the phylogenetic 

analysis were redundant or divergent in function (Winter et al., 2007) (Figure 4). In 

addition, it provided expression information on organ type and developmental stage, 

hence on the putative site of action of the respective TETRASPANIN genes which 

might be helpful to discern mutant phenotypes. The Arabidopsis TETRASPANINS 

AtTET1-16 gene expression patterns ranged over all types of organs and all stages 

of the life cycle, suggesting a wide range of functions, i.e. AtTET1 was highly 

expressed in the shoot apical meristem, primary root and carpel, whereas AtTET13 

was only expressed in pollen. The duplicated genes AtTET1 & AtTET2, AtTET3 & 

AtTET4, AtTET7 & AtTET8 & AtTET9 showed some overlap in expression levels and 

patterns, but also specificity, i.e. both AtTET1 & AtTET2 were expressed in roots, 

floral buds and carpels, but AtTET1 was specific in the shoot apical meristem 

whereas AtTET2 was specific in developing embryos, suggesting that the AtTET1 

gene has diverged in function from its duplicated gene AtTET2. AtTET4 was highly 

and specifically expressed in the late stages of seed development and dry seeds, 

suggesting it might be involved in seed dormancy in analogy to ABSCISIC ACID 

INSENSITIVE 3 that had a similar expression pattern and high level (Winter et al., 

2007). Another set of duplicated genes AtTET8 and AtTET9 had different expression 

patterns, i.e. AtTET8 with high general expression in young seedlings, roots, leaves 

and sepals, but AtTET9 with low expression restricted to roots and sepals. The 

homologous genes in Glycine max, GM17G07700, GM13G01580 and GM04G19880 

also had different expression patterns, i.e. in green pods, root hairs, flowers and 

leaves, respectively, indicating that functional divergence had occurred after gene 

duplication. On the contrary, The AtTET5 & AtTET6 (in roots) (Figure 4), AtTET11 & 

AtTET12 (in pollen) and AtTET13 & AtTET15 (in pollen) shared a similar expression 

pattern, respectively, which might indicate their functional redundancy and 
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indispensable roles in development. In clade TET5-TET6, the Glycine max homologs 

GM10G35650, GM20G31900, GM02G07090 and the rice homolog OS05g03530 

were also expressed in roots, suggesting high functional conservation and 

redundancy between different species. Interestingly, some tetraspanins in the clade 

TET11-TET12 had an organ-specific expression pattern, i.e. GM15G25180 was 

expressed specifically in flowers, GM18G22790 in roots and OS02G49630 in seeds.  

 

 

 

Figure 4. The electronic Fluorescent Pictograph expression patterns of 

duplicated tetraspanins and tet1 mutant phenotypes. (a-d) The electronic 
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Fluorescent Pictograph expression patterns of AtTET5 (a) & AtTET6 (b), AtTET14 (c) 

& AtTET15 (d). (e) Wild-type Ws and tet1 mutant seedlings (Wang et al., 2012). (f) 

tet1 mutant leaf morphology compared to wild-type (Cnops et al., 2006). (g) tet1 

mutant root morphology compared to wild-type (Cnops et al., 2000).  

 

 

Bioinformatics tools such as the electronic Fluorescent Pictograph will facilitate the 

design of strategies for functional analysis, such as the construction of double or 

triple mutants in the case of putatively redundant genes or the adjustment of 

phenotypic screening assays in the case of organ-specific gene expression. 

However, these meta-analysis should be considered as supplemental to but not 

substituting for detailed experimental gene expression analyses. Indeed, in situ 

hybridization using gene-specific probes or promoter activity analyses using GFP or 

GUS reporter genes are ideally suited to determine tissue-, domain- and cellular-

specific gene activity and are essential methods to study molecular function of a gene 

in detail (Bruno et al., 2011). The only tetraspanin member that has been functionally 

characterized in plants until now is AtTET1 (Cnops et al., 2000; Olmos et al., 2003; 

Cnops et al., 2006; Chiu et al., 2007). All tet1/trn2 mutant alleles described had a 

dramatic phenotype characterized by a short primary root, small leaves and a 

dwarfed architecture (Figure 4). In addition, leaf symmetry, venation patterning and 

root epidermal patterning were disturbed in tet1/trn2 mutants due to defective 

transport and/or distribution of the plant hormone auxin (Cnops et al., 2000; Cnops et 

al., 2006). Furthermore, carpel development was affected and homozygous plants 

were sterile (Chiu et al., 2007), which is probably due to a defect in 

megasporogenesis that is promoted together with the WIH genes (Lieber et al., 

2011). The dramatic phenotype of tet1/trn2 mutants corresponded with its general 

expression pattern (Figure 4). tet1/trn2 mutants had a defective root development: 

epidermal patterning was disturbed and the hairy primary roots were twisted and 

shortened. Hence, despite the overlapping eFP expression pattern between AtTET1 

and AtTET2, mutational analysis was necessary to distinguish between functional 

redundancy or divergence within the duplicated TET1-TET2 gene pair.  

 

From Structure to Function  

As can be inferred from their names, tetraspanins contain four transmembrane 
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domains, which delimit cytoplasmic amino and carboxy terminal domains, an 

intracellular loop, a small extracellular loop of 13-30 amino acids and a large 

extracellular loop which is quite variable in sequence and length (Levy & Shoham, 

2005a; Garcia-España et al., 2008) (Figure 2). Interestingly, the large extracellular 

loop makes up a large part (approximately 1/3 to 1/2) of the tetraspanin protein length 

in animals and plants, suggesting that this domain might play a major role in 

tetraspanin function. In animals, tetraspanins are localized at different membranes, 

such as the plasma membrane, endosomes and endoplasmic reticulum. They can 

facilitate cell-to-cell communication or sense the stimulus from the environment at the 

plasma membrane. Conversely, they might act as receptors at the membrane of a 

certain cell organelle, such as endosomes in pathogenesis (Van Spriel & Figdor, 

2010). Also, their localization at the endoplasmic reticulum might indicate a role in 

assisting the early biosynthesis of partner proteins (Berditchevski, 2001; Levy & 

Shoham, 2005a; Tu et al., 2006).  

 

A. Transmembrane Domains  

The transmembrane domains are highly conserved, which might indicate their crucial 

role in the formation and stabilization of the tetraspanin web that has been supported 

by mutational analysis (Toyo-oka et al., 1999). In addition, the transmembrane 

domains also contribute to the protein trafficking during biosynthetic processes 

(Berditchevski & Odintsova, 2007). It is speculated that the conserved polar residues 

Asn, Gln and Glu are involved in the packing of the transmembrane domains in 

animals (Stipp et al., 2003). Plant transmembrane domains are also the most 

conserved regions that contain polar residues, such as Asn, Ser and Tyr (Cnops et 

al., 2006). The Arabidopsis transmembrane domains sequences are more conserved 

among AtTET1-AtTET10 than among AtTET11-AtTET17, which correlates with their 

evolutionary and phylogenetic relationship (Figure 3).  

 

B. Extracellular Loops  

The extracellular loops, especially the large one, have attracted much attention, given 

their important roles in tetraspanin function. The large extracellular loop is comprised 

of a constant and a variable subdomain. The hallmark of the large extracellular loop 

is the highly conserved CCG motif in the variable region present in most animal 

tetraspanins, but absent in plants (Olmos et al., 2003; DeSalle et al., 2010). These 



 

 

19 Tetraspanin genes in plants 

two cysteine residues can form two intramolecular disulfide bridges with the other two 

cysteine residues (Kitadokoro et al., 2001). In some other cases, one or two 

additional disulfide bridges can be formed (Seigneuret et al., 2001). The variable 

region of this loop has a function in protein-protein interaction, such as in the binding 

of animal CD151 with α3β1-integrin (Yauch et al., 1998) and of human CD81 with 

HCV envelop protein E2 (Roccasecca et al., 2003). Furthermore, all anti-tetraspanin 

antibodies specifically bind to the large extracellular loop (Stipp et al., 2003), which 

supports the hypothesis that this loop is crucial in mediating the interaction between 

tetraspanins and their partner proteins. In the Arabidopsis TET1/TRN2 gene, single 

amino acid changes in the large extracellular loop of trn2-2 and trn2-3 alleles caused 

severe developmental defects such as the one of trn2-4 (Cnops et al., 2006) (Figure 

4), which suggests its importance in tetraspanin function. Plant tetraspanins have 

nine cysteine residues in the large extracellular loop, which might make the formation 

of disulfide bridges complicated (Olmos et al., 2003; DeSalle et al., 2010). By 

contrast, little is known about the small extracellular loop. Strikingly, one additional 

cysteine residue is present in the small extracellular loop of plant tetraspanins, 

suggesting that this cysteine residue could be involved in the crosslinking to the 

cysteine residues in the large extracellular loop (DeSalle et al., 2010).  

 

C. Cytoplasmic Domains  

The N- and C-terminal domains are another two variable regions besides the variable 

region of the large extracellular loop; however, some intracellular juxtamembrane 

cysteine residues, which are palmitoylation sites that contribute to the association 

between tetraspanins and their interactors, are relatively conserved (Berditchevski et 

al., 2002; Charrin et al., 2002; Yang et al., 2002; Stipp et al., 2003; Delandre et al., 

2009). The C-terminal tail in animals is important for cell adhesion, membrane fusion 

and lysosomal targeting (Takino et al., 2003; Edrington et al., 2007; Wang et al., 

2011). The deletion of plant C-terminal tail of the TET1/TRN2 gene caused a 

dramatic phenotype in the trn2-4 allele which suggested its importance in the 

TET1/TRN2 function (Cnops et al., 2006). The third cytoplasmic domain, which is 

less studied, is the very short intracellular loop. A palmitoylation site is present in this 

region that might also contribute to the association between tetraspanins and their 

partner proteins (Mazurov et al., 2007).  

Most insights in the relation between structure and function have been obtained from 
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mutational analyses. However, proteomics is an emerging technology that will 

facilitate the study of protein function. Indeed, the Arabidopsis purified plasmodesmal 

proteome contained a large amount of newly identified plasmodesmal proteins, 

among which TET3 (At3g45600) (Fernandez-Calvino et al., 2011). The TET3 

localization was confirmed by microscopy and suggested a role in cell-to-cell 

communication that needs to be further explored by functional analysis. Novel protein 

purification techniques, such as tandem affinity purification, will be applied for the 

purification of tetraspanin interactors and might help to identify the putative pathways 

in which tetraspanins play a role.  

 

Tetraspanin-enriched Microdomains  

A microdomain is a notion to describe a lateral compartment in the plane of the 

membrane with diverse and specilized composition, structure and function that differs 

from the surrounding membrane (Laude & Prior, 2004; Malinsky et al., 2013).  

Human tetraspanin-enriched microdomain is depicted in Figure 5. Tetraspanin-

associated interactions can be classified according to three levels. The interactions 

between tetraspanins and their non-tetraspanin partners were defined as primary 

interactions, such as animal CD151 and integrin α3β1 (Boucheix & Rubinstein, 

2001). In humans, most of these partner proteins belong to four major groups: 

integrins, immunoglobulin superfamilies, ectoenzymes and intracellular signaling 

molecules (Rubinstein, 2011). Some of these interactions are highly stoichiometric 

and resistant to harsh detergents such as digitonin (Rubinstein, 2011) (Levy & 

Shoham, 2005a). The interactions within the family members are termed secondary 

interactions (Boucheix & Rubinstein, 2001). They can be either homophilic (CD9-

CD9) or heterophilic (CD81-CD151) and are resistant to mild detergents (Hemler, 

2005; Levy & Shoham, 2005a; Yáñez-Mó et al., 2009). Primary and secondary 

interactions are also referred to as direct interactions (Hemler, 2005). Some lipids, 

such as cholesterol and palmitate might associate with primary and secondary 

interaction units and form so-called tertiary interactions that result in a network or 

microdomain on the membrane, called tetraspanin-enriched microdomain (Charrin et 

al., 2009; Rubinstein, 2011). It is suggested that the palmitoylations in both 

tetraspanins and partner proteins are essential in mediating the formation of 

tetraspanin-enriched microdomains (Charrin et al., 2002; Yang et al., 2004). The 

tetraspanin-enriched microdomains participate in a wide range of biological and 
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cellular processes including cell adhesion, membrane fusion, cell-to-cell or cell-to-

environment communication, migration and invasion (Bailey et al., 2011; Powner et 

al., 2011). However, tetraspanin-enriched microdomain has not been characterized in 

plants so far.  

 

 

 

Figure 5. Schematic representation of tetraspanin-enriched microdomain (Levy 

& Shoham, 2005b). The scheme does not represent a specific signaling pathway but 

only a general depiction of tetraspanin-enriched microdomain and some components 

reside in it. 14-3-3, a serine/threonine-binding intracellular signaling protein; EWI2, 

immunoglobulin superfamily member that contains an EWI motif; Gα, α-subunit of G 

protein; GPCR, G-protein-coupled receptors; PKC, protein kinase C; PM, plasma 

membrane.  

 

 

A. Cell Adhesion and Membrane Fusion  

The human CD9 tetraspanin-enriched microdomains consisted of CD151 and its 
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partner protein integrin α6β1 and had a role in animal sperm-egg cell fusion (Ziyyat et 

al., 2006). In analogy, tetraspanins might play a role in reproductive processes in 

flowering plants, in particular during double fertilization that includes two fusion 

events, giving rise to the embryo and the endosperm (Sprunck & Dresselhaus, 2009). 

Although several proteins are known in plants to function in gamete recognition and 

fusion such as GENERATIVE CELL SPECIFIC 1/HAPLESS 2, no role for 

tetraspanins has been revealed so far (Berger et al., 2008b; Sprunck & Dresselhaus, 

2009). The electronic Fluorescent Pictograph browser did show that AtTET1/TRN2, 

AtTET7 and AtTET8 are highly expressed in carpels where the ovules containing egg 

cells are formed. Indeed, mutants defective in the AtTET1/TRN2 gene were sterile 

(Cnops et al., 1996; Cnops et al., 2000; Cnops et al., 2006; Chiu et al., 2007), 

probably because of unsuccessful development of the megaspore mother cell (Lieber 

et al., 2011), thus no gamete fusion process will take place consequently. The 

Arabidopsis electronic Fluorescent Pictograph tool showed that some tetraspanins 

are specifically expressed in anthers, such as AtTET11 and AtTET12, AtTET13 and 

AtTET15 (Figure 4), which are duplicated pairs according to the phylogenetic tree, 

suggesting their conserved and important roles in evolution and function. These 

expression patterns might indicate a tetraspanin function in male gamete formation or 

male gamete-related processes during pollination such as pollen-stigma recognition, 

pollen tube growth through the style tissue, or emergence at the funiculus and entry 

into the ovule. Such roles might be only revealed in quadruple mutants knocked-out 

for each one of the anther-specific tetraspanins. Recently, Arabidopsis TET 

expression patterns in reproductive tissues were checked by using promoter-reporter 

gene fusions. A number of them have redundant expression patterns in pollen and 

stigma, no fertility defect mutant was found, which supports the hypothesis that their 

function are redundant (Boavida et al., 2013).  

 

B. Cell-to-cell/cell-to-environment Communication and Infections  

In addition to cell-to-cell communication, tetraspanins can also facilitate signaling or 

trafficking between cell and external molecules or environmental factors, such as 

light. Indeed, in Drosophila, the tetraspanin-enriched microdomain formed by the 

tetraspanin peripherin/RDS (retinal degeneration slow) and the closely related ROM-

1 (retinal outer segment membrane protein 1) is required for the membranous disc 

morphology of the photoreceptor outer segments that can convert light signals into 
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graded membrane potentials (Goldberg et al., 1998; Charrin et al., 2009; Vos et al., 

2010; Conley et al., 2011). In Arabidopsis, tet1/trn2 mutants exhibited auxin-related 

phenotypes, such as defective venation and root epidermal patterning (Cnops et al., 

2006), which might indicate that auxin signaling or transport molecules, such as the 

transmembrane PIN family proteins (Paponov et al., 2005), could be part of the 

tetraspanin-enriched microdomains organized by TET1/TRN2. However, this 

hypothesis needs to be confirmed by further experimentation. One of the reasons 

that tetraspanins have been well studied in animals is because they are gateways for 

the pathogenesis of infectious diseases and are potential targets for therapeutics 

(Van Spriel & Figdor, 2010; Monk & Partridge, 2011). A fungal tetraspanin PLS1 

(PUNCHLESS1) is essential for Magnaporthe grisea and Botrytis cinerea to invade 

the leaves of their plant hosts, such as rice and tomato (Clergeot et al., 2001; 

Gourgues et al., 2004). However, PLS1 partner proteins remain to be identified.  

Tetraspanins interact laterally with other molecules to spin their web, giving rise to 

tetraspanin-enriched microdomains. Thus, identifying tetraspanin-interacting 

molecules and determining the composition of tetraspanin-enriched microdomains by 

protein purification methods or proteomics will provide insights into the pathways in 

which they function (Le Naour, F. 2006). The tandem affinity purification on γ-

secretase interactome, a protein important in Alzheimer disease, revealed its 

association with tetraspanin-enriched microdomains (Wakabayashi et al., 2009). We 

investigated the interaction between plant tetraspanins and partner proteins using the 

CORNET tool which is an interactive database that contains protein-protein 

interaction information based on predicted and experimental data (De Bodt et al., 

2010). CORNET predicted interactions only between TET6-TET8 and TET7-TET9-

TET13 (no other interacting protein). A search within the Plant Interactome Database 

did not show any interaction (Consortium, 2011). Thus tetraspanins are 

underrepresented in these interactome databases probably because their purification 

requirements interfered with tetraspanin-enriched microdomains integrity. A recent 

search for Arabidopsis tetraspanins interacting proteins in “Membrane-based 

Interactome Network Database” (MIND) yielded interacting proteins for some of 

tetraspanins, including TET2, TET6, TET8, TET10-TET12 and TET15. Most of the 

interacting proteins are transporters and enzyme. These data will help to interpret 

tetraspanins function when combined with functional analysis. Proteomics 

approaches such as tandem affinity purification are expected to contribute to the 
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elucidation of tetraspanin interactors and tetraspanin-enriched microdomains (Rohila 

et al., 2006; Van Leene et al., 2007). In addition, transcriptome analyses of 

tetraspanin mutants or mutant combinations will identify molecular pathways in which 

they function and will generate hypotheses that will be further tested by genetic 

interaction studies.  

In conclusion, the functional characterization of tetraspanins in plant development is 

timely, the reverse genetic analysis of the Arabidopsis TETRASPANIN gene family 

using up-to-date molecular and cell biological tools will result in novel exciting 

insights into signaling, cell-to-cell communication and patterning mechanisms in 

plants. 
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ABSTRACT  

TETRASPANIN (TET) genes encode conserved four membrane proteins in 

multicellular organisms, they have a function in cell-to-cell communication in 

morphogenesis, fusion and in response to pathogens in animals. There are 

seventeen TET genes in the Arabidopsis genome of which only one has been 

functionally analyzed. pAtTET1-17:: NLS-GFP/GUS reporter lines were constructed, 

they are a repertoire to analyze spatial and temporal gene expression during plant 

development, to predict functional divergence or redundancy of duplicated or 

triplicated genes, and to steer mutational analyses. Several TET genes were 

expressed in specific domains in globular and heart stage embryos, such as vascular 

progenitor cells and the hypophysis, or in the progenitor cells of the stomatal cell 

lineage and in the pericycle at the asymmetric division preceding lateral root initiation. 

Mutational analysis supported a role for TET13 in promoting lateral root initiation and 

emergence that might be related to auxin signaling; and a redundant function for the 

TET5 and TET6 genes in repressing organ growth. Specific TET genes have 

divergent function in development, repressing or promoting cell fate specification, 

suggesting that TET proteins are new components involved in cellular 

communication.  
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2.1 INTRODUCTION  

During embryogenesis in plants, the fertilized egg cell develops gradually by 

consecutive, but partially overlapping, processes such as cell division, patterning and 

growth into the rudimentary body plan of the mature embryo. Early pattern formation 

generates the apical-basal axis and polarity of the body plan and the radial axis that 

defines the inner tissue layers of the embryo in which cells interpret their position, 

acquire cell fate and differentiate into specific morphologies and functions. Upon 

germination, the shoot and root apical meristem are activated that generate the 

above-ground vegetative structures and the primary root, respectively (Weigel & 

Jürgens, 2002; Van Lijsebettens & Van Montagu, 2005). Pattern formation in organs, 

tissues and neighboring cells and many developmental events such as the formation 

of new organs and developmental transitions occur throughout the plants life cycle in 

response to internal or external cues by means of long (phytohormone) and short 

(ligand-receptor) distance signaling mechanisms, respectively (Sparks et al., 2013).  

In short distance signaling, cells are competent to perceive and recognize signals 

from neighboring cells, the apo- or symplastic domain or the environment by means 

of plasma membrane proteins such as receptor kinases that bind a specific peptide 

ligand with their conserved extracellular leucine-rich repeat (LRR) domain, resulting 

in the phosphorylation of their cytoplasmic kinase domain and the activation of a 

downstream signaling pathway that ultimately alters the activity of a transcription 

factor in the nucleus to provoke a switch in the developmental program (Van Norman 

et al., 2011). A well-known example of LRR-mediated signal transduction in 

Arabidopsis is the patterning and differentiation of epidermal cells into stomatal guard 

cells. After recognition of the EPIDERMAL PATTERNING FACTOR (EPF) ligand, the 

LRR receptor kinases ERECTA (ER) and the LRR receptor-like protein, TOO MANY 

MOUTHS (TMM), activate the downstream YODA/MKK/MPK pathways, which 

negatively regulate the entry divisions by repressing SPEECHLESS (SPCH) and 

SCREAM/2 transcription factors (Pillitteri & Torii, 2012).  

Long distance signaling pathways typically relate to phytohormonal activities that 

regulate multiple aspects of plant development, amongst which lateral organ (lateral 

root, leaf, flower) initiation at sites of auxin accumulation. Auxin is synthesized at the 

shoot apex and transported to the root by the influx and efflux membrane proteins at 

the vascular tissues (Petrášek & Friml, 2009). Local auxin maxima at the pericycle 

result in auxin triggered degradation of AUX/IAA and the release of transcription 
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factors Auxin Response Factors to activate downstream auxin signaling pathway and 

regulate lateral root development, including lateral root founder cells specification, 

lateral root initiation (LRI) and emergence (Lavenus et al., 2013).  

Tetraspanins are well-characterized in animal fields, they are conserved four 

transmembrane domain-containing proteins that interact via cystein-rich extracellular 

domains with each other or with proteins such as integrins to form the tetraspanin-

enriched microdomains that participate in cell-to-cell communication processes 

during cell morphogenesis, motility and fusion (Yáñez-Mó et al., 2009). Phylogenetic 

studies in plants identified seventeen TETRASPANIN genes in the Arabidopsis 

genome, most of which are duplicated (Cnops et al., 2006; Wang et al., 2012; 

Boavida et al., 2013). So far, the function of only one plant tetraspanin gene has 

been analyzed, i.e. the Arabidopsis TETRASPANIN1/TORNADO2/EKEKO 

(TET1/TRN2) that plays a role in leaf lamina symmetry, venation and root epidermal 

patterning (Cnops et al., 2000; Cnops et al., 2006), peripheral zone identity of the 

shoot apical meristem (SAM) (Chiu et al., 2007) and megasporogenesis (Lieber et 

al., 2011). A number of Arabidopsis tetraspanins are expressed in reproductive 

tissues and at fertilization and localized at the plasma membrane (Boavida et al., 

2013). Meta-analysis of expression, co-expression and protein interaction databases 

(Genevestigator, CORNET, MIND) provide information on gene function 

(Zimmermann et al., 2004; De Bodt et al., 2012; Jones et al., 2014). However, 

experimental research is required to provide information on cellular, domain and 

tissue specificity; indeed, spatial and temporal gene expression help to predict the 

functionality of a gene of interest, the redundancy or divergence amongst duplicated 

genes and direct further mutant analyses.  

Here, we present promoter TET-reporter expression studies of the entire Arabidopsis 

tetraspanin gene family in different organs (embryo, root, leaf and flower) during the 

life cycle that predicted functional divergence of a number of duplicated TET genes. 

Indeed, single mutants of tet2 and tet13 had defective stomatal spacing and reduced 

number of lateral roots, respectively, indicating a function of TET2 in early stomatal 

development and of TET13 in lateral root initiation. The TET5 and TET6 genes, with 

redundant expression in the vascular tissue, affect leaf growth as shown by the 

double mutant. We postulate that TET2 and TET13 have a function in developmental 

processes related to short and long distance signaling, respectively and that TET5 

and TET6 have a function in differentiated vascular tissue.  
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2.2 RESULTS  

2.2.1 Generation of Promoter TET-reporter Gene Lines and Analysis in Embryo, 

Root, Leaf and Flower 

The promoter activity of the TET gene family members was analyzed in organs, 

tissues, domains and cell types in different developmental stages in order to identify 

the site of gene function, and to help reveal their role in plant development. The 

intergenic regions between the TET genes and their upstream neighboring genes, 

with a maximum length 2000 bp (TET2-TET17) and 3400 bp (TET1), were cloned as 

promoters in front of a fusion between the GFP (with nuclear localization signal, NLS) 

and GUS reporter genes and transformed into Arabidopsis using floral dip. TET 

promoter activities were systematically investigated in at least three T2 pAtTET:: 

NLS-GFP/GUS lines with a single-locus insertion per construct by X-Gluc 

histochemical staining and were widely detected in embryo, root, leaf and flower 

organs throughout development rather than only in reproductive tissues (Boavida et 

al., 2013). The promoter activity patterns were comparable with meta-analysis data 

based on microarrays in Genevestigator and the electronic Fluorescent Pictograph 

(eFP) browser (Zimmermann et al., 2004; Winter et al., 2007), but allowed to 

distinguish TET gene expression at the tissue, domain and cell type level.  

In the early embryonic stages, from globular to heart stage, apical-basal body 

patterning and radial patterning into protoderm, cortex and vascular progenitor tissue 

layers occur. Nine TET genes, i.e. TET1, TET3, TET4, TET5, TET8, TET10, TET13, 

TET14 and TET15, were expressed in specific domains starting at the globular or 

heart stage till the mature stage, of which TET1, TET8 and TET14 gene expression 

occurred in specific progenitor tissue at the onset of patterning in the heart stage 

(Figure 1). TET1, TET4, TET5, TET10 and TET14 in vascular progenitor tissue 

(Figure 1). It suggested a potential role for a number of TET genes in cell fate 

specification.  

After germination, the expression of a number of TET genes, i.e. TET1, TET5, TET6, 

TET9 and TET14, remained in the vascular tissue of primary root and rosette leaves 

(Figure 2, Figure 3). TET13 with early expression in the hypophysis of the embryo 

was restricted to the quiescent center stem cells (QC) of the primary root, and lateral 

root primordia (LRP) (Figure 2), and TET3 with early expression in the apical domain 

of the embryo remained active in the shoot apical meristems of seedlings (Figure 3). 

Remarkably, TET9 was expressed in the SAM after germination (Figure 3).  
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In the flower, TET1 & TET2, TET3 & TET4, TET7 & TET8 & TET9, TET10, TET11, 

TET13 & TET14 & TET15, TET16 were expressed in pollen (Supplemental Figure 1), 

indicating their role in reproductive processes, most likely in a redundant manner. 

Interestingly, TET15 was the only one that was active in the pollen tubes 

(Supplemental Figure 1).  

Hence, the TET promoters were active in different organs throughout development as 

summarized in Figure 3. However, their promoter activities were not constitutive, but 

specific to tissues, domains or cells within specific organs, suggesting a large range 

of functions in a large number of developmental pathways.  
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Figure 1. TET promoter activities during embryogenesis. Transgenic plants 

shown are: pAtTET1:: NLS-GFP/GUS, pAtTET3:: NLS-GFP/GUS, pAtTET4:: NLS-

GFP/GUS, pAtTET5:: NLS-GFP/GUS, pAtTET8:: NLS-GFP/GUS, pAtTET10:: NLS-

GFP/GUS, pAtTET13:: NLS-GFP/GUS, pAtTET14:: NLS-GFP/GUS, and pAtTET15:: 

NLS-GFP/GUS. Columns represent consecutive developmental stages: globular, 

heart, torpedo and mature. The dotted lines delineate the outlines of the young 

embryos. Arrows in TET1, TET3 and TET14 panels indicate the promoter activity 

sites. Scale bars represent 0.01 mm (globular, heart and torpedo stages), 0.1 mm 

(mature embryo).  
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Figure 2. TET promoter activities in the primary root. Transgenic plants shown are: pAtTET1:: NLS-GFP/GUS (a), pAtTET3:: 

NLS-GFP/GUS (b), pAtTET4:: NLS-GFP/GUS (c), pAtTET5:: NLS-GFP/GUS (d and e), pAtTET6:: NLS-GFP/GUS (e and f), 

pAtTET8:: NLS-GFP/GUS (g), pAtTET9:: NLS-GFP/GUS (h), pAtTET10:: NLS-GFP/GUS (i), pAtTET12:: NLS-GFP/GUS (j), 
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pAtTET13:: NLS-GFP/GUS (k), and pAtTET15:: NLS-GFP/GUS (l). From top row to bottom row are: root-hypocotyl transition zone, 

differentiation zone, meristem-elongation transition zone, meristem. E shows transverse section of transition zone and differentiation 

zone as indicated by the dash line in (d) and (f). ep: epidermis; c: cortex; e: endodermis; p: pericycle. Arrowheads and arrows 

indicate phloem pole and protoxylem, respectively. Scale bars represent 0.1 mm (a-d, f-l), 0.01 mm (e).  
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Figure 3. TET promoter activities in shoot tissues and schematic overview of 

the promoter activity of the Arabidopsis TETRASPANIN gene family members. 

(a) TET promoter activities in vascular tissue (14-d-old), SAM and young leaf 

primordia (6-d-old). Transgenic plants shown are: pAtTET1:: NLS-GFP/GUS, 

pAtTET5:: NLS-GFP/GUS, pAtTET6:: NLS-GFP/GUS, pAtTET9:: NLS-GFP/GUS, 
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and pAtTET14:: NLS-GFP/GUS. The inset shows TET9 expression in the trichome. 

SAM, shoot apical meristem. (b) TET3 expression in the SAM and protein 

localization. p, primorida. Transgenic plants shown are pAtTET3:: NLS-GFP/GUS, 

and 35S:TET3:GFP. The asterisk and arrows indicate the TET3 expression in layer 3 

and the protein localization at plasmodesmata, respectively. (c) TET promoter 

activities in other tissues/cells of the shoot tissues. Transgenic plants shown are: 

pAtTET2:: NLS-GFP/GUS, pAtTET4:: NLS-GFP/GUS, pAtTET8:: NLS-GFP/GUS, 

and pAtTET12:: NLS-GFP/GUS. Arrowheads and arrows indicate the stipules and 

hydathodes, respectively. The inset shows TET12 expression in stipules. (d) 

Schematic overview of the promoter activities in different organs. Duplicated gene 

pairs are indicated with square brackets (The length of the square brackets does not 

represent the evolutionary distance). E: embryo; R: root; C: cotyledon; L: rosette leaf; 

F: flower; se: sepal; pe: petal; st: stamen; ca: carpel. Scale bars represent 1 mm (a, 

rosette and leaf), 0.1 mm (a, SAM), 5 µm (b).  

 

 

2.2.2 Most Duplicated TET Genes Have Divergent Expression Patterns in 

Embryonic and Vegetative Development  

According to phylogenetic studies, TET1 & TET2, TET3 & TET4, TET5 & TET6, 

TET7 & TET8 & TET9, TET11 & TET12, TET16 & TET17 are duplicated genes 

(Cnops et al., 2006; Wang et al., 2012). TET13 either belongs to a clade together 

with TET14 and TET15 (Wang et al., 2012), or is classified as a single clade 

(Boavida et al., 2013). The promoter activity patterns were compared between the 

duplicated genes and the majority of gene pairs had diverged patterns in most 

organs, as described below. 

The TET1 and TET2 duplicated genes had divergent gene expression. Indeed, TET1 

showed asymmetric gene expression pattern in vascular tissue precursor cells in the 

embryo (Figure 1). In the primary root, TET1 was predominantly expressed in the 

columella cells and at the vascular tissues starting from the elongation zone but not 

throughout the whole root (Figure 2), in the vascular tissue of cotyledons and leaves 

(Figure 3) and in the stigma and transmitting tissue (Supplemental Figure 1). Indeed, 

tet1 mutants had distinct patterning phenotypes in the root and leaves (Cnops et al., 

2000; Cnops et al., 2006) and defects in the SAM (Chiu et al., 2007) and embryo 

development (Lieber et al., 2011), and was sterile when homozygous. Interestingly, 
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TET2 was expressed in meristemoids, GMCs and mature guard cells (Figure 3), 

suggesting a function in stomatal development.  

TET3 was expressed and restricted to the SAM precursor cells during the 

embryogenesis (Figure 1) and at the organizing center in layer three of the SAM after 

germination (Figure 3), which is comparable to the expression pattern of the gene 

encoding the transcription factor WUSCHEL (WUS) (Schoof et al., 2000; Tucker et 

al., 2008). The TET3 protein had previously been identified from the Arabidopsis 

Plasmodesmal Proteome (Fernandez-Calvino et al., 2011). Indeed, we observed 

TET3-GFP fusion protein movement along and toward the plasma membrane and 

localization at the plasmodesmata (Figure 3; the movie is not shown). In the primary 

root, TET3 was expressed in the cortex, endodermis and pericycle at the 

differentiation zone and the transition zone between the primary root and the 

hypocotyl (Figure 2). Its duplicated gene, TET4, was expressed in root vascular 

tissue progenitor cells during embryonic development (Figure 1). In the primary root, 

the promoter activity was found in QC cells, and at the endodermis, pericycles and 

vascular tissues of the entire root meristem (Figure 2). TET4 was also expressed in 

mature stomatal guard cells at the cotyledons (Figure 3). In the flower, it was 

expressed at the basal region and in the mature stomatal guard cells of the anther 

(Supplemental Figure 1). Hence, the duplicated genes TET3 and TET4 had divergent 

expression patterns.  

The triplicated genes, TET7, TET8 and TET9, showed distinct promoter activities. 

TET7 was only expressed in the pollen (Supplemental Figure 1). During embryonic 

development, TET8 was expressed at the apical domain from the heart stage on 

(Figure 1). In the primary root, TET8 promoter was active in all cell layers at the 

differentiation zone until the transition zone between the root and the hypocotyl 

(Figure 2). In the rosette leaves, it was specifically active in stipules and hydathodes 

(Figure 3). TET9 promoter activity was restricted to the vascular tissues starting from 

the elongation zone in the primary root (Figure 2), cotyledons and rosette leaves 

(Figure 3). TET9 was also expressed at the SAM (Figure 3). Moreover, TET9 

promoter was specifically active in trichomes (Figure 3). Hence, the different patterns 

of TET7, TET8 and TET9 promoter activity suggested diverged functions in 

vegetative development.  

TET11 was expressed in the pollen (Supplemental Figure 1), whereas TET12 in the 

primary root and stipules (Figure 2, Figure 3), suggesting a thoroughly diverged 
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function.  

The triplicated genes TET13, TET14 and TET15 also showed mainly diverged 

expression patterns. Interestingly, the promoter activity patterns in primary root and 

vascular tissues were established early during the embryonic development. From the 

globular stage on, TET13 promoter activity was detected at the embryonal 

hypophysis which is the progenitor of the QC and the columella cells (Figure 1， 

Figure 2). Indeed, after germination in the primary root, it was active in QC cells, 

stem cells, the first two columella cell layers and the LRP (Figure 2). TET14 promoter 

activity was restricted to a few cells at both sides of the apical-basal axis at heart-

stage embryos, in the vascular precursor cell strands of the cotyledon of later 

embryonic stages, and in the cotyledonary vascular tissues of the mature embryo 

(Figure 1). The promoter activity was rarely detected in the root of the mature embryo 

and completely undetectable in the hypocotyl or root after germination. TET15 

promoter activity was found at the basal domain of the heart stage embryo (Figure 1). 

In the primary root, TET15 was expressed in the LR cap and columella cells (Figure 

2). Additionally, TET15 was expressed in the pollen tubes and mature stomatal guard 

cells of sepals (Supplemental Figure 1). All three gene expression patterns were 

established early during the embryogenesis and their expression was sustained in 

seedlings, suggesting a role in determining cell fate and controlling tissue and/or 

organ growth.  

TET16 was only expressed in the pollen and the basal region of the flower 

(Supplemental Figure 1), while no TET17 gene expression was detected in any of the 

organs, which was consistent with the absence of gene expression in transcriptome 

data of Genevestigator or the eFP browser throughout development. However, the 

promoter of TET17 was reported to be active in mature pollen by using triple nuclear-

localized GFP protein (Boavida et al., 2013), which may provide better sensitivity. In 

summary, the diverged expression patterns in many particular developmental stages 

or in specific tissues, domains or cells suggest that single TET gene mutants might 

reveal their function.  

Notably, a number of TETs that belong to different clades have overlapping 

expression patterns, i.e. during embryogenesis, in the root apical meristem, vascular 

tissues and pollen et al (Figure 1, Figure 2, Figure 3, Supplemental Figure 1), 

suggesting that combinations of TET gene mutations would be required to reveal the 

function of TET genes in the respective domains and tissues.  
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2.2.3 TET5 and TET6 Redundant Genes Have a Function in Growth Control  

Among all duplicated gene pairs, only TET5 and TET6 shared exactly the same 

expression pattern in all organs, tissues and cell types except for the embryos, in 

which TET5 was expressed in contrast to TET6 (Figure 1). At the globular stage, 

TET5 expression was restricted to a few cells in the center of the embryo, i.e. 

vascular tissue precursor cells (Figure 1), a pattern which is quite similar to that of the 

genes encoding a bHLH transcription factor TMO5 and its interactor LHW (De Rybel 

et al., 2013). After germination, both of them were expressed in the pericycle, the 

vascular tissues of the primary root starting from the transition zone, the hypocotyl, 

cotyledons and rosette leaves (Figure 2, Figure 3). Transverse sections of the 

primary root showed that at the meristem-elongation transition zone TET5 and TET6 

were expressed in the phloem, a few procambial cells surrounding the phloem and 

the phloem-pole pericycle but not in the xylem (Figure 2). At the differentiation zone, 

they were expressed in the pericycle and all the vascular tissues except for the 

protoxylem (Figure 2). In the siliques, they were expressed in the funiculus that has a 

function in guiding the pollen tube to reach the micropyle during fertilization 

(Supplemental Figure 1). The redundant promoter activity patterns suggested 

redundant functions between TET5 and TET6. Indeed, no morphological alterations 

or patterning defects were observed in the roots, leaves or inflorescences of four T-

DNA insertion single mutant alleles, tet5-1 (GABI-Kat: 290A02, promoter, knock-

down), tet5-2 (SALK_148216, first exon, knock-out; Boavida et al., 2013), tet5-3 

(SALK_020009C, second exon, knock-out) and tet6-2 (SALK_139305, promoter, 

knock-down) (Figure 4). Morphological analysis of three different double mutant 

combinations: tet6-2tet5-1, tet5-2tet6-2, tet5-3tet6-2, revealed synergistic 

phenotypes, such as an enlarged leaf size in seedlings at all stages of rosette 

development due to a significantly increased total number of cells per leaf (23238 ± 

sd 2967 in tet5-3tet6-2, 15495 ± sd 1635 in tet5-3 and 15197 ± sd 2887 in tet6-2) 

(Figure 4, Supplemental Figure 2), increased fresh weight in 21-d-old seedlings 

(Figure 4, Supplemental Figure 2), longer primary roots in a root growth kinetic study 

(Figure 4, Supplemental Figure 2), suggesting redundant functions of TET5 and 

TET6 in root and leaf growth. The increased organ growth in tet5tet6 double mutants 

and the expression of TET5 and TET6 solely in differentiated vascular tissue suggest 

a role in vascular cell activity such as in nutrient and photoassimilates transport 
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through the phloem.  

 

 

 

Figure 4. tet5-3tet6-2 double mutant phenotypes. (a) TET5 and TET6 scheme and 

T-DNA insertion. The bold, thin and breaking lines indicate exons, introns and 

promoter, respectively. (b) Relative TET5 and TET6 transcript level in 7-d-old 

seedlings measured by qRT-PCR ± sd. TET6 is up-regulated in tet6-1, thus it was not 

used in the double mutant analysis. (c) Rosette and leaf series of 21-d-old seedlings. 

From left to right were leaf 1 to leaf 8, incisions were made to make the leaves fully 

expanded when necessary. (d) Quantification of rosette leaf size in (c). Means are 

presented ± sd (n=8-10). (e) Total number of cells per leaf. Leaf 1 and/or 2 were 

used. Means are presented ± sd (n=3). (f) Fresh weight of 21-d-old seedlings. Only 
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the green tissue, but not the root, was used for the experiment. (g) Primary root 

growth kinetics. Means are presented ± sd (n=31-39). t-test was compared between 

the double mutants, parental lines and wild type. Asterisks in all the graphs mark 

significant differences: *p < 0.05, **p < 0.01 and ***p < 0.001.  

 

 

2.3.4 TET2 in Stomatal Development and Function  

TET2 expression was specific to stomatal guard cells and their precursor cells 

(Figure 5). Stomatal development involves different processes, including cell fate 

specification, asymmetric division, symmetric division and differentiation (Bergmann 

& Sack, 2007; Pillitteri & Torii, 2012). Promoter activity at certain cell types in those 

processes predict a role in a specific stage of stomatal development. Thus, the 

earliest stage of TET2 promoter activity in stomatal development was determined and 

the mutant phenotype was studied to understand its gene function.  

During stomatal development processes, the protodermal cells somehow are 

selected and converted into meristemoid mother cells (MMCs) (Figure 5). MMCs 

undergo an asymmetric entry division to create two daughter cells that have different 

cell fates: a small triangle-shaped daughter cell, called meristemoid, and a large 

neighboring daughter cell, called stomatal linage ground cell (SLGC) (Figure 5). The 

meristemoid is converted into a guard mother cell (GMC) either immediately after the 

entry division or after limited asymmetric divisions. Every asymmetric division 

generates a meristemoid and an SLGC (Figure 5). The SLGC can differentiate into a 

jigsaw puzzle-shaped pavement cell or become a MMC and undergo the asymmetric 

spacing division to produce a satellite meristemoid, which is often positioned far away 

from the preexisting meristemoid and/or stoma (Figure 5) (Bergmann & Sack, 2007; 

Pillitteri & Torii, 2012). TET2 promoter activity was not detected in the MMC, but it 

was in the stomatal meristemoid, the GMC and mature guard cells (Figure 5). The 

earliest stage of TET2 expression was in the meristemoid created after the entry 

division (Figure 5), and it remained active in the meristemoids generated after the 

second and the third asymmetric division (Figure 5). After each asymmetric division, 

TET2 expression was only restricted to the meristemoid with division activity but not 

to the large daughter cell that will often differentiate into the pavement cell, indicating 

that TET2 might have a function in regulating the meristemoid cell fate.  

Subsequently, TET2 mutational analysis focused on phenotypes in stomatal 
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development and morphology. The tet2-1 mutant (GABI-Kat: 967G02), with a transfer 

DNA (T-DNA) insertion in the second intron of the gene (Figure 6), had a severe 

down-regulation of TET2 transcription (Figure 6) and was studied for its vegetative 

morphology and stomatal development. Rosette leaf shape and size were altered in 

tet2-1 (Figure 6), the rosette area of 4-week-old seedlings was significantly reduced 

(28.6 ± sd 3.4 cm2 in wild type and 18.8 ± sd 2.5 cm2 in tet2-1, p<0.001) because of a 

reduced area in each leaf except for leaf 1 and 2 (Figure 6). The leaf size determined 

by the total number of cells and the cell area, and other cellular parameters were 

measured in leaf 6. The total number of cells was not significantly reduced (139985 ± 

sd 33459 in tet2-1 and 165394 ± sd 22112 in wild type), whereas the cell area was 

significantly reduced (1689 ± se 48 µm2 in tet2-1 and 2064 ± 69 µm2 in wild type, 

p<0.05). The stomatal density, defined as the number of stomata per square 

milimeter, was significantly increased from 169 ± sd 20 per mm2 in wild type to 218 ± 

sd 20 per mm2 in tet2-1 (Figure 6). Additionally, the epidermal cell density was also 

significantly increased from 337 ± sd 54 per mm2 in wild type to 490 ± sd 67 per mm2 

in tet2-1 (Figure 6). However, the stomatal index (the ratio of the number of stomata 

in a given area divided by the total number of stomata and other epidermal cells in 

the same area) was not significantly changed (31.0 ± sd 1.5% in wild type and 30.9 ± 

sd 1.2% in tet2-1) (Figure 6), indicating that the number of asymmetric divisions is not 

altered, and that most of the meristemoids still undergo one or two additional 

asymmetric divisions to generate epidermal cells before differentiating into GMCs. 

Thus, the increase of stomatal density can be explained by the reduction of 

epidermal cell size and as a result, more stomata are present in the given area. The 

stomata are not clustered in tet2-1 as opposed to tmm, indicating that the one-cell 

spacing patterning is not altered and the satellite meristemoids are not misoriented. 

Moreover, the guard cells are normally differentiated in tet2-1. The TET2-GFP fusion 

protein colocalized with the membrane marker FM4-64 at the plasma membrane of 

the meristemoid, the SLGC and guard cells of cotyledons (Figure 6). By taking 

advantage of the root as confocal imaging experimental system, we observed that 

TET2 was also localized in vesicles (Figure 6), suggesting a putative recycling and/or 

trafficking through endocytosis inhibiting the entry division and amplifying division.  
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Figure 5. Diagram of Arabidopsis stomatal development (left) and the 

respective TET2 expression at the abaxial epidermis of 6-d-old cotyledons 

(right). Transgenic plant shown is pAtTET2:: NLS-GFP/GUS (a-e). (a) TET2 

expression in the meristemoid after entry division. (b, c) TET2 expression in the 

meristemoid after one or two additional asymmetric divisions. The arrow indicates the 

meristemoid. (d, e) TET2 expression in GMC and mature guard cells, respectively. 

Cells in different colors are: MMC, grey; meristemoid, blue; SLGC, white; GMC, red; 

guard cells, green; pavement cell, light green. Scale bars represent 10 µm.  
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Figure 6. tet2-1 phenotypes and protein localization. (a) TET2 scheme and T-

DNA insertion. The bold lines indicate exons and the thin lines introns. (b) Relative 

TET2 transcript level in inflorescence tissues measured by qRT-PCR ± sd. (c) 22-d-

old wild-type and tet2-1 plants. (d) Rosette leaf series of 27-d-old wild-type and tet2-1 

plants. From left to right were leaf 1 to leaf 12, incisions were made to make the 

leaves fully expanded when necessary. (e) Quantification of rosette leaf size in (c). 

Means are presented ± sd (n=10-14). Asterisks in all the graphs mark significant 

differences: *p < 0.05, **p < 0.01 and ***p < 0.001. (f) Stomatal density, epidermal 

cell density and stomatal index of leaf 6 in (c). Means are presented ± sd (n=9). (g) 

Drawing of epidermal cells and stomata on the abaxial side of leaf 6 in (c). The 
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images were obtained from the leaves that were drawn with a microscope equipped 

with a drawing tube (see Experimental Procedures). (h) TET2-GFP localization at the 

plasma membrane in the cotyledon. Left panel, TET2-GFP; middle panel, FM4-64; 

right panel, merged. M, meristemoid; SLGC, stomatal-lineage ground cell; GC, guard 

cell. (i) TET2 protein localization at the plasma membrane and in vesicles in the root. 

Arrowheads indicate the same vesicle. Scale bars represent 5 µm.  

 

 

2.3.5 TET13 Has a Function in Primary and Lateral Root Development 

TET13 promoter activity was observed only in a few cells in the primary root 

meristem, upon LR initiation and in the LRP (Figure 7); hence, it was studied more in 

detail during these processes and the corresponding mutant was used to study 

primary and lateral root development.  

Arabidopsis root identity is early specified during embryogenesis. The cells at the 

basal region of the globular embryo will give rise to the hypocotyl, primary root and 

root stem cells. The lens-shaped cells at this region are the progenitors of the QC, 

which is crucial for maintaining root stem cells identity (van den Berg et al., 1997). In 

wild-type plants, the stem cells surrounding the QC are maintained in the 

undifferentiated state. During root growth, LRs are generated from the primary root, 

which starts with an auxin oscillation at the pericycle cells in a zone designated as 

the root basal meristem (De Smet et al., 2007). Consequently, these pericycle cells 

are selected as LR founder cells that acquire an asymmetric division activity (De 

Rybel et al., 2010). After the anticlinal asymmetric divisions, a single-layered 

primordium composed of small daughter cells flanked by two large daughter cells is 

formed, termed stage I (Figure 7). From stage II to VII, the anticlinal and periclinal 

divisions occur sequentially to form the dome-shaped primordium with two to seven 

layers of cells (Figure 7). At stage VIII, the LR finally emerges from the primary root 

(Figure 7) (Malamy & Benfey, 1997). In the primary root, TET13 was predominately 

detected in the QC, most of the stem cells (cortex/endodermis initials, pericycle 

initials, vascular tissue initials and columella initials, but not epidermis initials), the 

first two columella cell layers and the two middle cells in the root cap (Figure 7). Very 

weak expression as observed at the first one or two pericycle cells above the 

pericycle initials and the remaining columella cells (Figure 7). TET13 promoter 

activity was equally present at the two QC cells (35 seedlings were checked), in 
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contrast to the key regulator of QC cell division, ERF115, the activity of which was 

found only in the mitotically active QC cells (Heyman et al., 2013). This indicated that 

TET13 expression is not cell-cycle regulated. During LR development, TET13 was 

active at the two neighboring pericycle cells before the asymmetric division (Figure 

7). At stage I, the expression was stronger in the newly generated two small daughter 

cells (Figure 7). At stage II, the expression was equally strong in the tip cells at the 

outer layer (OL) as well as in the middle two cells at the inner layer (IL) (Figure 7). 

From stage III on, the expression was always stronger in the tip cells at the OL 

(Figure 7). When the LR was formed, the expression was at the QC and columella 

(Figure 7). TET13 expression value is 13.0 ± sd 0.0 at the QC when checked in the 

high-resolution root spatiotemporal map dataset (Brady et al., 2007), although not as 

high as AGL42 (AGAMOUS-LIKE 42, 59.84 ± sd 0.0) which was used as marker for 

fluorescence activated cell sorting.  

The function of TET13 in primary and LR development was studied in the T-DNA 

insertion line tet13-1 (SALK_011012C) in which the T-DNA is located at the first exon, 

resulting in a gene knock-out (Boavida et al., 2013). The primary root length was 

significantly reduced in tet13-1 (8.2 ± sd 1.0 cm in wild type and 6.1 ± sd 1.4 cm in 

tet13-1) (Figure 8). The primary root length is determined by several parameters such 

as meristem, elongation zone and differentiation zone size, and cell length at these 

zones. The meristem size, defined as the number of cells from the QC to the first 

elongated cell in the cortex cell file (Casamitjana-Martínez et al., 2003) was 

significantly reduced in tet13-1 (27  sd 3 cells) as compared to the wild type (34  4 

cells) (Figure 8). Below the QC, there are one or two layers of undifferentiated 

columella initials that generate the differentiated columella cells containing starch that 

stains purple by Lugol solution. One of the functions of the QC is to keep the 

surrounding initials in an undifferentiated state, defective QC function resulted in a 

differentiated cell layer below the QC instead of the columella initial cell layer as 

observed in wox5 mutants (Sarkar et al., 2007). Exogenous auxin (1-

naphthaleneacetic acid, NAA) or auxin transport inhibitor (N-1-naphthylphthalamic 

acid, NPA) promoted the differentiation of columella initial cells in wild-type seedlings, 

but not in mutants in auxin biosynthesis or transport (Ding & Friml, 2010). In tet13-1 

mutants, one or two columella initials cell layers were measured in primary roots 

comparable to the wild type and no precocious differentiation of the columella initials 

was observed (Supplemental Figure 3), hence, columella initial cell identity was 
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maintained in the tet13-1 mutant under normal conditions and after NAA and NPA 

treatment (Supplemental Figure 3). The architecture of the QC and initials was 

normal in the tet13-1 mutant as visualized by confocal microscopy with propidium 

iodide staining (Supplemental Figure 3), indicating no function of TET13 in 

cytokinesis. tet13-1 seedlings were equally insensitive as wild-type seedlings to 

hydroxyurea, a replication-blocking agent, because no dead cells were observed 

after propidium iodide staining (Supplemental Figure 3). Lateral root initiation stages 

and LR emergence were analyzed in tet13-1 mutants: stage-I LRPs were severely 

reduced (Figure 8), which correlated with early TET13 expression in the lateral root 

founder cells before the first asymmetric division (Figure 7); stage IV, V and VI were 

significantly increased whereas stage II, III and VII were slightly increased (Figure 8); 

the emerged LR density was significantly reduced (Figure 8). The LR density, defined 

as the number of LRP and emerged LRs per centimetre primary root, was 

significantly reduced (Figure 8), showing that TET13 has a role in promoting both LR 

initiation and LR emergence. In an assay for synchronous LRI, seedlings were first 

incubated on medium containing the auxin transport inhibitor NPA, then transferred to 

NAA medium after which synchronous LRI was monitored (Himanen et al., 2002). 

The TET13 promoter activity was induced after 2 h of NAA induction at the xylem 

pole of the pericycle, which coincides with the onset of LRI (Figure 8); after 3 h NAA 

induction, two clear blue lines marked the pericycle (Figure 8), indicating that TET13 

expression is auxin inducible and specific for pericycle cells. The DR5:: GUS reporter 

gene was expressed at sites of auxin accumulation such as the QC and columella in 

the primary root and in the lateral root founder cells at the root basal meristem 

(Figure 8). In the tet13-1 mutant, the DR5:: GUS reporter gene was not or very 

weakly expressed at the basal meristem in eight out of thirteen tested seedlings 

(Figure 8), indicating that auxin accumulation in the lateral root founder cells is 

affected. Three high expression lines of P35S:TET13 were very similar to the control 

line with respect to primary root length, root meristem size and emerged lateral root 

density, no significant differences were observed (Supplemental Figure 4). This could 

be due to the stoichiometric interaction between tetraspanins and their interacting 

proteins (Yauch et al., 1998).  
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Figure 7. TET13 promoter activities in the primary root and LRP. Transgenic 

plant shown is pAtTET13:: NLS-GFP/GUS (a-m). (a) Overview of part of the primary 

root. The expression pattern in the black square is magnified in (d). Asterisks in the 

inset indicate the LRP. (b) TET13 promoter activity visualized by the X-Gluc staining 

in the primary root tip. (c) Confocal image of TET13::NLS-GFP in the primary root tip. 

The root is counterstained with propidium iodide. (d-m) Detailed expression analysis 

of TET13 at different stages during LR development. Corresponding developmental 

stages I-VII and EM are indicated in the top right corner. IL and OL: inner and outer 

layers; ep: epidermis; c: cortex; en: endodermis; p: pericycle. Arrowheads indicate 

the division planes. The inset in (h) shows the top view of stage IV. Scale bars 

represent 0.1 mm (a and the inset), 10 µm (b-m).  
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Figure 8. tet13-1 root phenotypes and NAA induced promoter activity. (a) tet13-

1 scheme, 12-d-old seedlings of Col-0 and tet13-1 growing vertically under 24-h light 

condition. (b) Primary root growth kinetics. Means are presented ± sd (n=35-42). (c, 

d) Root meristem size of 6-d-old seedlings. Means are presented ± sd (n=28-39). 

Arrows indicate the boundary between the root meristem and the transition zone. (e) 

Staging of LRP densities of 11-d-old seedlings. EMLR, emerged lateral root. Means 

are presented ± sd (n=20). Asterisks in all the graphs mark significant differences: *p 

< 0.05, **p < 0.01 and ***p < 0.001. (f-k) NAA induced TET13 promoter activity. The 

seedlings were grown on 10 µM NPA medium for 72 hours after germination and then 
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transferred to 10 µM NAA medium. (l, m) DR5:: GUS expression patterns at the root 

basal meristem in 7-d-old wild-type and tet13-1 seedlings. Scale bars represent 0.1 

mm (c, l, m), 0.5 mm (f-k). Transgenic plants shown are: DR5:: GUS (f-h, l), 

pAtTET13:: NLS-GFP/GUS (i-k) and tet13-1 x DR5:: GUS (m).  

 

 

2.3.6 Fluorescence Activated Cell Sorting of Synchronized tet13-1 Lateral Root 

Founder Cells for RNA-Seq  

To identify downstream LR initiation signaling pathway controlled by TET13, we 

decided to carry out transcriptomic analysis in tet13-1 with RNA-Seq. However, 

TET13 transcript level is very low in the total RNA of primary root. To enrich for the 

transcriptional changes during LR initiation, the lateral root founder cells were 

isolated from primary roots by using synchronized lateral root induction (SLRI) 

system and fluorescence activated cell sorting approach (FACS) (Himanen et al., 

2002; De Smet et al., 2008). In short, tet13-1 (Col-0 background) was crossed with 

pAtTET13:: NLS-GFP/GUS (Col-0 background). The pedigree was checked in the F2 

generation by genotyping PCR and fluorescence stereomicroscopy, respectively, 

tet13-1 was homozygous and pAtTET13:: NLS-GFP/GUS was heterozygous. The F3 

generation seeds were germinated on half MS medium containing 10 µM NPA for 72 

h to inhibit auxin transport and LR initiation. Afterwards the seedlings were 

transferred onto half MS medium containing 10 µM NAA to synchronize LR initiation. 

TET13 promoter activity was induced after 2 h NAA treatment (Figure 9), which is the 

time point that the nuclei start to move to the common cell wall. Regarding the LR 

initiation, the promoter activity was restricted to the xylem pole pericycle cells in 

tet13-1xpAtTET13:: NLS-GFP/GUS seedlings which was the same as that in the 

control pAtTET13:: NLS-GFP/GUS seedlings (Figure 9). The promoter was also 

active in the root meristem (Supplemental Figure 5).  

According to the SLRI system, 3 h and 4 h treatments are the time points that the 

nuclei reach the common cell wall and prepare for the asymmetric division (G1 and 

G1/S transition stage). 6 h treatment is the asymmetric division onset point (G2/M 

transition stage). After 12 h, stage I is accomplished (Himanen et al., 2002; Vanneste 

et al., 2005). Since the promoter activity was relative weaker after 2 h treatment, 3 h 

treatment was chosen as the first time point for the RNA-Seq experiment. To have 

sufficient transcriptional changes, 8 h treatment was chosen as the second time point 
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instead of 6 h. The setup of RNA-Seq was summarized in Supplemental Figure 6. To 

evaluate the capacity of NLS-GFP for FACS, pAtTET13:: NLS-GFP/GUS was 

compared in a pilot experiment with J0121, which is a Haseloff GAL4-GFP enhancer 

trap line with cytoplasmic GFP expression specific in xylem pole pericycle cells and 

has been proved to be suitable for FACS (Laplaze et al., 2005; De Smet et al., 2008). 

After protoplasting, the GFP was maintained in both pAtTET13:: NLS-GFP/GUS and 

J0121 cells (Figure 10). Approximately 10000 to 20000 GFP positive cells were 

sorted and yielded a total of ~100 ng RNA with good quality as measured by Pico 

analysis (data not shown). To conclude, pAtTET13:: NLS-GFP/GUS and tet13-

1xpAtTET13:: NLS-GFP/GUS are suitable for SLRI, FACS and RNA-Seq 

experiments. At the moment the thesis is being revised, RNA-Seq experiment is in 

process in VIB Nucleomics Core.  

 

 

 

Figure 9. NAA induced TET13 promoter activity. Top panel, pAtTET13:: NLS-

GFP/GUS. Bottom panel, tet13-1xpAtTET13:: NLS-GFP/GUS.  
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Figure 10. GFP visualization after protoplasting. (a, b) 3 h and 8 h NAA treated 

J0121 samples after protoplasting. (c, d) 3 h and 8 h NAA treated pAtTET13:: NLS-

GFP/GUS samples after protoplasting. Arrows indicate GFP positive cells.  

 

 

2.3 DISCUSSION  

Arabidopsis TETRASPANIN genes are expressed in different organs/tissues and cell 

types during embryonic and vegetative development. Intriguingly, the onset of 

expression coincided with the onset of patterning and cell specification at globular or 

heart stage embryos (TET1, TET3, TET4, TET5, TET8, TET10, TET13, TET14 and 

TET15) and in seedlings at the initiation of the stomatal cell lineage (TET2), or at the 

asymmetric division in the primary root pericycle upon lateral root initiation (TET13), 

which suggests a role for these TET genes in cell specification. Plant cells are 

surrounded by a rigid but dynamic cell wall which prevents them from migration 

during specification, hence they acquire their fate by positional information from 

neighboring cells. The cellular communication involves diffusible or actively 

transported molecules such as peptides, small RNAs, transcription factors or 

phytohormones, that upon recognition by competent cells trigger signaling cascades 

that result in the initiation or repression of specific developmental programs (Sparks 

et al., 2013).  

TET2 is expressed in the meristemoids and stomatal density is increased in tet2-1, 

however, the stomatal index is not altered in tet2-1, indicating that the asymmetric 

division and cell spacing is not affected. The increase of stomatal density could be a 
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consequence of reduced epidermal cell size, thereby, more stomata are found in a 

given area. TET2 is expressed in the mature stomatal guard cells, while the 

morphology is not changed, suggesting TET2 might have a role in stomatal function, 

i.e. stomatal closure, which controls gas and water vapour exchange, and the 

phenotypes described in tet2-1 are indirect effects of stomatal function. A test of 

stomatal aperture under ABA, cold and drought condition would verify this 

hypothesis. Several receptor-ligand pairs, such as EPF2-ER, EPF1-ERL1 or TMM 

control the entry and amplifying divisions during stomatal development by signaling to 

the SPCH transcription factor (Pillitteri & Torii, 2012). TET2, which is located at the 

plasma membrane and in vesicles, could facilitate one of these receptor-ligand 

complexes to negatively regulate stomatal development. EPF1 and EPF2 have 

similar expression patterns and their mutants, especially epf2, have a similar 

stomatal phenotype as tet2-1, such as an increased stomatal density (Hara et al., 

2009). Whether the early expression of TET2 in meristemoid is related to a function 

in differentiated guard cells is doubtful, it would rather indicate an early function in 

stomatal development which might be investigated in the future.   

TET13 expression in the lateral root founder cells and the gradual spatial pattern in 

the LRP resembles the auxin reporter gene DR5:: GUS at the LRP tip cells, in which 

auxin reaches a maximum level and regulates LR development (Benková et al., 

2003). The significant reduction of stage-I LRP density in tet13-1 indicates that the 

initiation of the LR is affected and TET13 is required to promote LR initiation. This 

nicely correlates with the promoter activity at the two lateral root founder cells before 

the asymmetric divisions and the early inducible expression by NAA. The reduced 

LRI and emergence in the tet13-1 line and the defective auxin distribution in the 

lateral root founder cells at the basal meristem, as shown by the DR5::GUS reporter 

gene analysis, suggest that TET13 has a function in auxin local distribution or being a 

downstream target of auxin signaling rather than long distance signaling, i.e. 

transport from shoot to root (Sparks et al., 2013). The emerged LR density is 

significantly reduced. However, stage-II to -VII LRP densities are significantly 

increased, indicating that the emergence of the LR is somehow affected in tet13-1, 

which is highly regulated by the transcellular auxin-dependent signaling pathway that 

results in cell wall remodelling in the adjacent endodermal, cortical and epidermal 

cells overlaying the primordium (Swarup et al., 2008). Thus, TET13 positively 

regulates two different aspects of LR development: LR initiation and emergence, 
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which fits with promoter activity throughout LR development.  

The TET3 expression pattern in the embryo resembles that of the WUS gene at the 

SAM organizing center (Schoof et al., 2000; Tucker et al., 2008), WUS migrates 

through plasmodesmata to the central zone of the SAM to activate the transcription of 

the CLV3 (Yadav et al., 2011); the CLV1 receptor kinase that recognizes the CLV3 

ligand is also localized to the plasmodesmata (Stahl et al., 2013). The WUS-CLV 

regulatory loop controls the self-regulation of the SAM. The TET3 promoter activity 

domain, protein localization and mobility suggest that TET3 might have a role in SAM 

maintenance by facilitating intercellular trafficking.  

The duplicated TET genes have diverged expression patterns during development, 

despite their homologous coding regions, suggesting evolvement of different 

regulatory elements in their promoters a phenomenon called neofunctionalization 

(Moore & Purugganan, 2005). Only the TET5 and TET6 duplicated genes have the 

same promoter activity pattern in post-embryonic vascular tissues, and the double 

mutants revealed a function in repressing leaf and root growth. The vascular tissue 

consists of two distinct types of cells, xylem and phloem, which are differentiated 

from the vascular meristematic procambium (Carlsbecker & Helariutta, 2005). The 

promoter activities in cells surrounding procambial cells and the phloem suggest that 

TET5 and TET6 might have a redundant function in phloem specification or 

differentiation, presumably affecting it function, such as in nutrient or 

photoassimilates transport. No venation patterning defect was observed in the double 

mutant, supporting the hypothesis that they have a role in vascular tissue 

differentiation rather than in patterning. The different promoter activities between 

TET5 and TET6 in embryonic vascular tissue precursor cells are in contrast to their 

redundant activities in post-embryogenesis. Indeed, some vascular tissue-related 

genes are active early in the vascular tissue precursors, but have only effects at a 

later stage or during postembryonic growth (De Rybel et al., 2014). Thus, it is 

possible that TET5 and TET6 function is related to differentiated vascular tissue 

during the postembryonic development. Arabidopsis tetraspanins can form homo- 

and heterodimers when expressed in yeast (Boavida et al., 2013). The redundant 

function of TET5 and TET6 suggests that for proper expression, heterodimers need 

to be formed or interaction with a common protein/ligand is required, which needs 

further testing. The overlapping expression patterns between members of different 

gene pairs, such as TET5 & TET6 and TET9 in vascular tissue, TET4 and TET10 in 
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root apical meristem, and TET1 & TET2, TET3 & TET4, TET7 & TET8 & TET9, 

TET10, TET11, TET13 & TET14 & TET15 and TET16 in pollen might refer to the 

convergent evolution of TET gene function in specific tissues or cells. So far, the 

observed phenotypes in the mutants are rather mild (except for tet1), this could be 

due to the overlapping expression patterns. In Drosophila melanogaster, tetraspanin 

gene LATE BLOOMER (LBM) is expressed in the motoneurons during 

embryogenesis and its mutant has mild phenotype. Only when knocking out LBM 

together with the other two motoneuron-expressed TETs would result in significantly 

enhanced phenotypes (Fradkin et al., 2002). This strongly suggests that double, 

triple, quadruple or quintuple mutants might be necessary to reveal Arabidopsis 

tetraspanins functions.  

TET proteins contain a small and large extracellular loop with conserved cysteines 

that are known to mediate disulfide bridge formation in the large extracellular loop 

(Seigneuret et al., 2001), which is important for the interaction with other proteins. 

Moreover, the cysteines adjacent to the transmembrane domains are also important 

sites for the interaction after the palmitoylation (Levy & Shoham, 2005). These 

cysteines are also present in Arabidopsis tetraspanins, that might facilitate 

interactions with peptides, cell wall related proteins or other TET proteins to form 

multimeric complexes. Indeed, a number of TET interacting proteins have been 

described in the Membrane-based Interactome Network Database (MIND) (Jones et 

al., 2014), amongst which receptor kinases, enzymes, cell wall associated proteins 

and transporters that locate at different compartments in the cell suggesting a wide 

range of activities of the respective tetraspanin webs.  

In conclusion, our mutational analyses showed for the first time that the TET2, TET5, 

TET6 and TET13 genes function in vegetative development, i.e. stomatal 

development, organ growth and lateral root initiation and emergence, respectively. 

Moreover, the TET genes are expressed in various cell types, domains and tissues in 

embryonic and vegetative stages, suggesting a function in a number of 

developmental pathways; hence, they might be novel components of described 

developmental pathways related to cellular (stomata, vasculature, pollen) or domain 

(SAM, RAM) specification and growth. Their localization at the plasma membrane 

(TET2), plasmodesmata (TET3) and/or vesicles (TET2) suggests that they assist in 

cell-to-cell communication at membranous interfaces where they putatively interact 

with other proteins such as transporters and kinases (MIND database) to repress or 
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promote developmental pathways. Determination of the composition of the respective 

tetraspanin networks in planta will be necessary to link them to the respective 

signaling or transport processes.  

 

2.4 MATERIALS AND METHODS  

Materials 

The mutant lines tet2-1 (GABI-Kat: 967G02), tet5-1 (GABI-Kat: 290A02), tet5-2 

(SALK_148216), tet5-3 (SALK_020009C), tet6-2 (SALK_139305) and tet13-1 

(SALK_011012C) were obtained from Arabidopsis GABI-Kat (http://www.gabi-kat.de/) 

and the European Arabidopsis Stock Center (http://www.arabidopsis.org/), 

respectively. The presence of the T-DNA was confirmed by PCR with a T-DNA-

specific and gene-specific primers (Supplemental Table 1).  

Growth Conditions  

Seeds were surface sterilized and stratified at 4°C for two nights and moved to the 

growth chamber. For TET:: NLS-GFP/GUS lines, 6-d-old seedlings grown vertically at 

21°C under 24-h light conditions (75~100 µmol m-2 s-1) were used for SAM and root 

analysis; 14-d-old seedlings corresponding to the growth stage 1.04 (Boyes et al., 

2001) and grown horizontally at 21°C under 16-h light/ 8-h dark conditions were used 

for cotyledon, emerging leaf 1, 2, 3 and 4 primordia analysis; 6-week-old plants 

grown in the soil at 21°C under 16-h light/ 8-h dark conditions were used for analysis 

of inflorescences, different stages of flowers, siliques and embryos. For tet2-1 leaf 

series, seeds were germinated in Jiffy soil directly and grown at 21°C under 16/8-h 

light/dark conditions. 

 

Promoter and Open Reading Frame Cloning, Construction of Expression 

Vectors and Plant Transformation  

Promoter sequences and open reading frame sequences were amplified with primers 

listed in Supplemental Table 1 and cloned into the entry vectors using BP clonase 

(Invitrogen) to generate the entry clone (Hartley et al., 2000). The expression clones 

were constructed by LR clonase (Invitrogen) with the entry clone and the destination 

vector pMK7S*NFm14GW (promoter:: NLS-GFP/GUS), pK7FWG2 (35S:TET2:GFP) 

and pK2GW7 (35S:TET13) (Karimi et al., 2007). The positive plasmids were 

transferred into Agrobacterium tumefaciens pMP90 cells. All constructs were 

transferred into Arabidopsis ecotype Columbia-0 (Col-0) by floral dip transformation. 
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25 mg transgenic seeds of the T1 generation was used for high density plating. The 

resistant seedlings were transferred into soil for T2 generation seed harvest. For 

pAtTET1-17:: NLS-GFP/GUS reporter lines, the number of T-DNA loci was analyzed 

in 7 to 35 T2 populations per construct after germination on kanamycin, three lines 

per construct with a single-locus insertion (except for pTET1 lines which contain 2 or 

3 loci) were analyzed by X-Gluc histochemical staining to score the promoter activity 

during development.  

 

Histochemical, Histological, Phenotypic Analysis and Statistical Tests  

The 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (X-Gluc) assay was performed as 

described previously (Coussens et al., 2012).  

The ovules were cleared overnight in an 8: 2: 1 (g: mL: mL) mixture of chloral 

hydrate: distilled water: glycerol and mounted on the microscope slides with the same 

solution (Grini et al., 2002). For the LRP staging and a better visualization of the 

TET13 expression pattern in the LRP, the samples were treated as described 

previously with some modifications (Malamy & Benfey, 1997). Both fresh and stained 

samples were fixed in 70% ethanol overnight and transferred into 4% HCl, 20% 

methanol and incubated at 62°C for 40 minutes and 7% NaOH, 60% ethanol at room 

temperature for 15 minutes. The samples were then rehydrated for 10 minutes in 

either 60%, 40%, 20% and 10% ethanol at room temperature. Finally, the samples 

were infiltrated in 25% glycerol, 5% ethanol for 10 minutes and mounted with 50% 

glycerol. The root meristem size was determined as the number of cells in the cortex 

cell file from the QC to the first elongated cell (Casamitjana-Martínez et al., 2003). 

The samples were mounted with 50% lactic acid and observed immediately. For the 

hydroxyurea, NAA and NPA treatment, 5-d-old seedlings were transferred onto the 

MS medium supplemented with 1 mM hydroxyurea, 1 µM NAA or 1 µM NPA for 24 h, 

respectively. Seedlings treated with hydroxyurea were counterstained with PI and 

observed with a confocal microscope. Seedlings treated with NAA or NPA were 

stained with Lugol solution to stain the starch granules for 1 min, mounted with 

chloral hydrate and checked immediately with microscope. Root transverse section 

was done as described previously (De Smet et al., 2004). NPA inhibition and NAA 

induction of lateral root initiation were done as described previously (Himanen et al., 

2002).  

All samples were imaged with a binocular Leica microscope or an Olympus DIC-
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BX51 microscope. The confocal images were taken with an Olympus Fluo View 

FV1000 microscope or Zeiss LSM5 Exciter confocal. The fluorescence was detected 

after a 488 nm (GFP), 543 nm (propidium iodide, PI) or 514 nm (FM4-64) excitation 

and an emission of 495-520 nm for GFP, 590-620 nm for PI and 600-700 nm for 

FM4-64.  

For the stomata and epidermal cells imaging, leaves were fixed in 100% ethanol 

overnight and mounted with 90% lactic acid. The leaf area was measured with the 

ImageJ software (http://rsbweb.nih.gov/ij/). The stomata and epidermal cells on the 

abaxial side were drawn with a DMLB microscope equipped with a drawing tube and 

differential interference contrast objectives. The stomatal density, index and total 

number of cells per leaf were determined as described previously (De Veylder et al., 

2001).  

Means between samples were compared by a two-tailed Student’s t-test, an f-test 

was assessed for the equality between population variances. 

 
Quantitative Real-time PCR Analysis  

Total RNA was prepared with the RNeasy kit (QIAGEN). One µg RNA was used as 

template to synthesize cDNA with the iScript cDNA synthesis Kit (Bio-Rad). The 

expression level was analyzed on a LightCycler 480 apparatus (Roche) with SYBR 

Green and all reactions were performed in three technical replicates. Expression 

levels were normalized to reference genes PP2A and UBC.  

 

SLRI, Protoplasting and FACS  

SLRI was performed as described previously (Himanen et al., 2002). After 3 h and 8 

h NAA treatment, primary roots were dissected and harvested for protoplasting as 

described previously with some modifications (Bargmann & Birnbaum, 2010). Cut the 

roots 2 to 3 times but not macerated. Transfer cut roots directly into 8 ml 

protoplasting solution (1.25% Cellulase (Yakult, Japan), added freshly, 0.3% 

Macerozyme (Yakult, Japan), added freshly, 0.4 M Mannitol, 20 mM MES, 20 mM 

KCl, 0.1% BSA, 10 mM CaCl2, bring pH to 5.7 with 1 M Tris/HCl pH 7.5) in the 

Erlenmeyer flask without touching the wall of the flask. Incubate the flask on a shaker 

at 100 rpm for 2 h. Filter the protoplast containing solution from the Erlenmeyer flask 

to 50 ml falcon tubes through a 40 micron filter. Put 7 ml of wash solution (the same 

as protoplasting solution but without Cellulase and Macerozyme) in a flask to pool 
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protoplasts and then again filter through the same filter. Transfer ~15 ml solution in 

15 ml falcon tube and centrifuge at 150 g (~1000 rpm) for 10 min at room 

temperature. Discard the supernatant and redissolve the pellet in 500 µL of wash 

buffer gently. FACS was performed as described previously (Bargmann & Birnbaum, 

2010). Total RNA was prepared with RNeasy Micro Kit (Qiagen, #74004) according to 

the manufacturer’s instructions.  
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SUPPLEMENTAL DATA  

 

Supplemental Figure 1. TET promoter activities in flower organs. Transgenic 

plants shown are: pAtTET1:: NLS-GFP/GUS (a, c), pAtTET2:: NLS-GFP/GUS (c), 

pAtTET3:: NLS-GFP/GUS (c), pAtTET4:: NLS-GFP/GUS (a, c), pAtTET5:: NLS-

GFP/GUS (a-c), pAtTET6:: NLS-GFP/GUS (a-c), pAtTET7:: NLS-GFP/GUS (c), 

pAtTET8:: NLS-GFP/GUS (a, c), pAtTET9:: NLS-GFP/GUS (c), pAtTET10:: NLS-
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GFP/GUS (c), pAtTET11:: NLS-GFP/GUS (c), pAtTET13:: NLS-GFP/GUS (c), 

pAtTET14:: NLS-GFP/GUS (a, c), pAtTET15:: NLS-GFP/GUS (b, c), and pAtTET16:: 

NLS-GFP/GUS (a, c). (a) Overview of whole inflorescences and single flowers. 

Arrowheads and arrows indicate the stigma transmitting tract and the basal part of 

the flower, respectively. Insets in TET4 and TET8 show stomatal guard cells at the 

anther and the magnification of the stigma and transmitting tissue, respectively. (b) 

TET5 and TET6 activities in the funiculus. TET15 activity in the pollen tube and 

stomatal guard cells of the sepal. (c) TET promoter activities in the pollen and stamen 

filament tissues. Scale bars represent 1 mm (a), 0.1 mm (b, c).  

 

 

 

Supplemental Figure 2. tet5tet6 double mutants phenotypes. (a) Rosette and leaf 

series of 21-d-old seedlings. From left to right were leaf 1 to leaf 8, incisions were 

made to make the leaves fully expanded when necessary. (b) Quantification of the 

rosette leaf size in (a). Means are presented ± sd (n=8-10). (c) Fresh weight of 21-d-
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old seedlings. Only the green tissue, but not the root, was used for the experiment. 

(d, e) Primary root growth kinetics. Means are presented ± sd (n=31-39). t-test was 

compared between the double mutants, parental lines and wild type. Asterisks in all 

the graphs mark significant differences: *p < 0.05, **p < 0.01 and ***p < 0.001.  

 

 

 
Supplemental Figure 3. tet13-1 primary root morphology. (a, b) Lugol solution 

staining of starch in differentiated columella cells and the quantification. Means are 

presented ± sd (n=125-130). Black arrows and white arrows indicate QC and the 

columella initial cells, respectively. (c, d) Lugol solution staining of starch in 

differentiated columella cells after treatment with NAA or NPA. 5-d-old seedlings 

growing under 24-h light condition were transferred onto medium containing 1 μM 
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NAA or 1 μM NPA for 24 hours. Black arrows indicate the QC. (e) QC and columella 

cells organization. The root is counterstained with propidium iodide. (f, g) Root 

meristem after hydroxyurea treatment and the quantification. 6-d-old seedlings 

growing under 24-h light condition were transferred onto medium containing 1mM 

hydroxyurea for 24 hours. The root is counterstained with propidium iodide. Scale 

bars represent 0.01 mm (a-d), 0.1 mm (e), 0.02 mm (f, g).  

 

 

 

Supplemental Figure 4. TET13 overexpression lines analysis. (a) Relative TET13 

transcript level in seedlings measured by qRT-PCR ± sd. The value in Col-0 is 

indicated above the graph. (b) Primary root growth kinetics. Means are presented ± 

sd (n=26-37). (c) Root meristem size of 6-d-old seedlings. Means are presented ± sd 

(n=20-21). (d) EMLR density of 13-d-old seedlings. Means are presented ± sd (n=26-

37).  
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Supplemental Figure 5. Overview of NAA induced TET13 promoter activity in 

primary root. Top panel, pAtTET13:: NLS-GFP/GUS. Bottom panel, tet13-

1xpAtTET13:: NLS-GFP/GUS.  

 

 

 

Supplemental Figure 6. Setup of RNA-Seq combined with FACS. pAtTET13:: 

NLS-GFP/GUS is used as control. 3 replicates for each genotype and time point, 

result in a total of 12 samples.  
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Supplemental Table 1. Primers used in the study.  

Primer Name Sequence (5'-3') Purpose 

pAtTET1attB4F GGGGACAACTTTGTATAGAAAAGTTGGAATAGAAT
CTTCTAACACAATGGAG 

promoter cloning 

pAtTET1attB1R GGGGACTGCTTTTTTGTACAAACTTGTCTTTTTTGG
GAGAGATGAGAG 

promoter cloning 

pAtTET2attB4F GGGGACAACTTTGTATAGAAAAGTTGGAGATGCAT
CTGGAATTTGACG 

promoter cloning 

pAtTET2attB1R GGGGACTGCTTTTTTGTACAAACTTGTTAAATTTTC
TCTCTCTCTCTCTCT 

promoter cloning 

pAtTET3attB4F GGGGACAACTTTGTATAGAAAAGTTGGATAGAAAT
GTGTGTATTCAGTAAGG 

promoter cloning 

pAtTET3attB1R GGGGACTGCTTTTTTGTACAAACTTGTAGCTTAGG
GTTTTGAGGTTTTC 

promoter cloning 

pAtTET4attB4F GGGGACAACTTTGTATAGAAAAGTTGGACTACATTT
TCCAGGAAAAGCTAATG 

promoter cloning 

pAtTET4attB1R GGGGACTGCTTTTTTGTACAAACTTGTGGCGATTTT
GTTTTTGTTGAATATG 

promoter cloning 

pAtTET5attB4F GGGGACAACTTTGTATAGAAAAGTTGGAAGTTTCC
TACATATTCTCTG 

promoter cloning 

pAtTET5attB1R GGGGACTGCTTTTTTGTACAAACTTGTTTTCCTTCT
CTCTCCTTTTTT 

promoter cloning 

pAtTET6attB4F GGGGACAACTTTGTATAGAAAAGTTGGATGCCTCT
TCTTTGTTTTTAAATG 

promoter cloning 

pAtTET6attB1R GGGGACTGCTTTTTTGTACAAACTTGTAGTAGTAAT
GTTATCAAGAAG 

promoter cloning 

pAtTET7attB4F GGGGACAACTTTGTATAGAAAAGTTGGATTCACAC
AAGAATCTCTCTT 

promoter cloning 

pAtTET7attB1R GGGGACTGCTTTTTTGTACAAACTTGTCGCTTTTTG
TTCCGGCGG 

promoter cloning 

pAtTET8attB4F GGGGACAACTTTGTATAGAAAAGTTGGAAAATTTAA
AATAGTGCTTCAAAG 

promoter cloning 

pAtTET8attB1R GGGGACTGCTTTTTTGTACAAACTTGTGGTTTAGAT
TCAGAGAGAAAG 

promoter cloning 

pAtTET9attB4F GGGGACAACTTTGTATAGAAAAGTTGGACCGTGAC
TATTATTATTATTTTTA 

promoter cloning 

pAtTET9attB1R GGGGACTGCTTTTTTGTACAAACTTGTGGTGATGAT
TGAAGAAG 

promoter cloning 

pAtTET10attB4F GGGGACAACTTTGTATAGAAAAGTTGGATAGAAGA
ATCAAAGAGAG 

promoter cloning 

pAtTET10attB1R GGGGACTGCTTTTTTGTACAAACTTGTTTTTTCAAG
GTTGTTGCTTTTG 

promoter cloning 

pAtTET11attB4F GGGGACAACTTTGTATAGAAAAGTTGGATTTCATTT
TTCCATATCAAATG 

promoter cloning 

pAtTET11attB1R GGGGACTGCTTTTTTGTACAAACTTGTTTTTGGAAA
TTTGCTTTCTCC 

promoter cloning 

pAtTET12attB4F GGGGACAACTTTGTATAGAAAAGTTGGAATAGTCA
TATGGAAATTATTTG 

promoter cloning 

pAtTET12attB1R GGGGACTGCTTTTTTGTACAAACTTGTTGTTTATCG
GCGGTTATTTG 

promoter cloning 

pAtTET13attB4F GGGGACAACTTTGTATAGAAAAGTTGGAAAACATTA
TATTATTTCAAAATA 

promoter cloning 

pAtTET13attB1R GGGGACTGCTTTTTTGTACAAACTTGTTATCGTGTA promoter cloning 
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AAGAGAAAGGG 

pAtTET14attB4F GGGGACAACTTTGTATAGAAAAGTTGGATGCTTCTT
TTTCAAAGAGTG 

promoter cloning 

pAtTET14attB1R GGGGACTGCTTTTTTGTACAAACTTGTTATTGGAGA
GCTTCAAGGACAG 

promoter cloning 

pAtTET15attB4F GGGGACAACTTTGTATAGAAAAGTTGGAGGCTGAT
CTGATCAATGAATTG 

promoter cloning 

pAtTET15attB1R GGGGACTGCTTTTTTGTACAAACTTGTGTGAAAGT
GAAAGAAAG 

promoter cloning 

pAtTET16attB4F GGGGACAACTTTGTATAGAAAAGTTGGAATTAAAAA
TCTTTCCGG 

promoter cloning 

pAtTET16attB1R GGGGACTGCTTTTTTGTACAAACTTGTTGTTAAGAA
CCCTGTTCG 

promoter cloning 

pAtTET17attB4F GGGGACAACTTTGTATAGAAAAGTTGGAAGAAAAT
CTTACCTGCAAATCTCAG 

promoter cloning 

pAtTET17attB1R GGGGACTGCTTTTTTGTACAAACTTGTTGTTGTTTT
TTGGTATAGACCTG 

promoter cloning 

qPP2A_F TAACGTGGCCAAAATGATGC qRT-PCR 

qPP2A_R GTTCTCCACAACCGCTTGGT qRT-PCR 

qUBC_F CTGCGACTCAGGGAATCTTCTAA qRT-PCR 

qUBC_R TTGTGCCATTGAATTGAACCC qRT-PCR 

TET2 qPCR_F CAGACGCAGACTGTTACTTATG qRT-PCR 

TET2 qPCR_R ATATGAGAACAACGACTGTGATG qRT-PCR 

TET2 attB1F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAG
GAGATAGAACCATGGCGTTAGCGAATAACTTAACG 

gene cloning 

TET2 attB2R GGGGACCACTTTGTACAAGAAAGCTGGGTCGACC
CAACCTTGTTTGTATTTG 

gene cloning, the 
stop codon is 
excluded 

TET5 qPCR_F TACTGTGTTGGCTGTTGCG qRT-PCR 

TET5 qPCR_R GACTGTTCCCATCCAGGTCT qRT-PCR 

TET6 qPCR_F CAGCTCATCCTTACCATCCA qRT-PCR 

TET6 qPCR_R CCACCAGTAATAGTCCCAACG qRT-PCR 

TET13 qPCR_F TGCTTCGATTGTGATTCATGT qRT-PCR 

TET13 qPCR_R AGGATCCTTAACCAGGCAAA qRT-PCR 

TET13 attB1F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAG
GAGATAGAACCATGGCGAGAGATAAAGAAGATC 

gene cloning 

TET13 attB2R GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATT
TCTGACTTTCTCGAAGG 

gene cloning 

tet2-1 LP TGAGTTGTGATCACGAAAAACAC genotyping PCR 

tet2-1 RP TATTGATCGGACTTTTGCTGG genotyping PCR 

tet5-1 LP AATATGCAAGTTTGAATCCGG   genotyping PCR 

tet5-1 RP AAACCCATGAGTGCGACTATG genotyping PCR 

tet5-2 LP ACATGCCGTAACGTCCATAAG genotyping PCR 

tet5-2 RP CAAGCCAGCAAGAATTTTCAG genotyping PCR 

tet5-3 LP TAAGCACCCTTCCGTTATGTG genotyping PCR 

tet5-3 RP GCTCAGTCACTTGTTCCAAGC genotyping PCR 

tet6-2 LP TTGTATAAAGCGGTTCCGATG genotyping PCR 

tet6-2 RP TGGGTGTACAAGACTTGACCC genotyping PCR 
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tet13-1 LP CTCGAAGGATCCTTAACCAGG genotyping PCR 

tet13-1 RP AATCTGGGTCAACAACAAACG genotyping PCR 

LBb1_3 ATTTTGCCGATTTCGGAAC genotyping PCR 

GABI_o8409 ATATTGACCATCATACTCATTGC genotyping PCR 
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ABSTRACT  

Tetraspanin membrane proteins do not have a signal peptide at their N-terminus 

according to prediction programmes. Therefore, the membrane localization might be 

directed by other targeting signal such as signal anchor in the sequence or post-

translational modification. Tetraspanins were predominantly localized at the plasma 

membrane. In addition, they were also localized at certain organelles or 

compartments, i.e., TET3 localized at the plasmodesmata. TET11 was found at 

vesicles and newly formed plasma membrane in dividing cells, suggesting a function 

in cell wall/membrane components delivery during plasma membrane formation. 

TET14 and TET16 localized at the endoplasmic reticulum (ER)-like structure. The 

concentrated localization pattern of some tetraspanins, i.e., TET1, as visualized by 

bright spots at the plasma membrane, supported the concept of tetraspanin-enriched 

microdomains.  
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3.1 INTRODUCTION  

A signal peptide, which is also referred to as targeting signal or localization signal, is 

a short sequence typically between 15 and 40 amino acids long at the N-terminus of 

the proteins that are designated to the secretory pathway. After targeting to the 

destination membraneous compartments, such as the ER, the signal peptide is 

recognized and cleaved by signal peptidase and a mature protein is formed (von 

Heijne, 1990).  

The signal peptide containing proteins are transported to the destinations in a co-

translational translocation way, meaning that they are translocated during the 

translation process that takes place in ER-bound ribosomes. This requires the 

recognition of signal peptide by a signal recognition particle (Powers & Walter, 1997). 

Most of the proteins that target to the plasma membrane, reside in ER, golgi, 

endosomes or lysosomes use the co-translational translocation way. Proteins without 

signal peptide use post-translational translocation way to target to the destinations, 

such as the nucleus, mitochondria, chloroplasts and the plasma membrane (Mitra et 

al., 2006), meaning that they are translocated after the translation in free ribosomes. 

The translocation to the destination, for example, the plasma membrane, is facilitated 

by other membrane-bound proteins. Targeting to the nucleus, mitochondria and 

chloroplasts are dependent on the nuclear localization signal, presequence and 

transit peptide and the N-terminal, respectively.  

The signal peptide is present in the majority of type I membrane-bound proteins. 

Most of type II and multi-spanning membrane-bound proteins are directed to the 

membraneous compartments by their N-terminal transmembrane helices, which will 

not be cleaved, therefore, they are referred to as signal anchor in order to be 

distinguished from signal peptide. Both signal peptide and anchor are hydrophobic, 

but the signal anchor has longer hydrophobic regions without cleavage sites. 

However, the cleavage site is not sufficient to distinguish the two signal sequences 

from each other (Petersen et al., 2011). Some online programmes have been 

developed to predict signal peptide and SignalP 3.0 appeared to be the best method 

(Bendtsen et al., 2004; Choo et al., 2009). It includes the hidden Markov model 

method to distinguish signal peptide, signal anchor and other proteins. Recently, the 

updated and advanced version, SignalP 4.0, was designed to discriminate between 

signal peptide and signal anchor, it is a purely neural network-based method, which 

has been proved to perform better than the hidden Markov model (Petersen et al., 
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2011).  

Protein subcellular localization and dynamics are highly related to function. 

Mammalian tetraspanins have been shown to localize at different compartments and 

some are quite dynamic in organizing tetraspanin-enriched microdomains (Penas et 

al., 2000). In Arabidopsis, tetraspanin localization was only reported in reproductive 

tissues (Boavida et al., 2013). Even for the functionally characterized TET1 there is 

no localization information available. Most of the TETs are duplicated genes, whether 

they have the same or different protein localization is not known yet. In order to 

obtain more information for understanding their functions, tetraspanin protein 

localization was analyzed in primary roots.  

 

3.2 RESULTS  

3.2.1 Signal Peptide and Signal Anchor at the N-terminus of Tetraspanins  

SignalP 3.0 predicted a few TETs to have signal peptides, including TET2, TET9-

TET12, TET14 and TET16. TET15 is a non-secretory protein and the rest have signal 

anchor. Whereas SignalP 4.0 predicted only TET2 and TET8 to have signal peptides 

with cleavage sites at the 25th and 27th amino acids, respectively. Signal peptide has 

not been reported in mammalians tetraspanins so far and the N-terminus has 

important role in tetraspanin function (Stipp et al., 2003), thus it is unlikely that 

tetraspanins have signal peptide that can be cleaved. Additionally, since SignalP 4.0 

is better in discriminating between signal peptide and signal anchor, we conclude that 

most of the Arabidopsis tetraspanins do not have signal peptide, the signal sequence 

is considered as signal anchor.  

Even though tetraspanins do not have signal peptide, the N- terminus is important for 

correct protein subcellular localization and subsequently the correct function, 

therefore, the fluorescence tags such as GFP and RFP were fused to the C-terminal 

end of tetraspanins in the following studies.  

 

3.2.2 Tetraspanins Subcellular Localization Prediction  

The prediction of subcellular localization would help to choose the markers when 

tetraspanins are localized at the organelles that are not distinguishable according to 

the structure. Three different online programmes were used to predict tetraspanins 

subcellular localization, including TargetP 1.1 (Emanuelsson et al., 2000), Predotar 

(Small et al., 2004) and Plant-mPLoc (Chou & Shen, 2010) (Table 1). The localization 
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assignment of TargetP is based on the predicted presence of N-terminus 

presequences, including chloroplast transit peptide, mitochondrial targeting peptide 

and secretory pathway signal peptide. Therefore, it focuses on predicting protein that 

is targeted to the chloroplast, mitochondrion and secretory pathway. The success 

rate is about 85% for plant. Predotar has a very low rate of false positives compared 

with other similar programmes, it mainly predicts the localization at ER, 

mitochondrion and plastids. Plant-mPLoc is developed by integrating gene ontology 

information, functional domain information and sequential evolutionary information. 

Compared to the other programmes, it has the capacity to predict as many as 12 

subcellular location sites.  

TargetP 1.1 predicted the majority of TETs as secreted proteins without specifying the 

destination, whereas Predotar predicted most of TETs as ER localized proteins. 

Plant-mPLoc showed all of TETs localized at plasma membrane while TET7, TET14-

TET17 had additional localization, such as golgi, chloroplast and mitochondrion 

(Table 1).  
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Table 1. Tetraspanins subcellular localization prediction and experimental 

observation. C, chloroplast; Cyto, cytoplasm; ER, endoplasmic reticulum; G, golgi; 

M, mitochondrion; N, nucleus. PM, plasma membrane; S, secretory pathway. 

Experimental observation in this study is summarized in the last column.  

 TargetP 1.1 Predotar Plant-mPLoc TET-GFP/RFP protein 

TET1 S Elsewhere PM PM, vesicles  
TET2 S ER PM PM, vesicles 
TET3 S ER PM plasmodesmata, vesicles 
TET4 S ER PM \ 
TET5 S ER PM PM, vesicles 
TET6 S ER PM PM, vesicles 
TET7 S ER PM, G \ 
TET8 S ER PM PM, cytoplasmic fractions 
TET9 S ER PM \ 

TET10 S ER PM cytoplasma, vesicles 
TET11 S ER PM PM, newly formed PM, vesicles 
TET12 S Elsewhere PM PM, cytoplasm 
TET13 Elsewhere Elsewhere PM \ 
TET14 S ER PM, C PM, ER-like 
TET15 Elsewhere Elsewhere PM, C, Cyto, M, N PM, cell sap of vacuole 
TET16 Elsewhere ER PM, C PM, ER-like  
TET17 S ER PM, N \ 

 

 

3.2.3 Generation of TETRASPANIN Fluorescence Tag Fusion Transgenic Lines 

and Subcellular Localization of TETRASPANINS  

TETs without the stop codon were cloned into the entry vectors using genomic DNA 

or cDNA. Initially, we suspected that the duplicated TETs might have similar 

localization. In order to allow their colocalization, duplicated TETs were fused with 

different fluorescence tags, such as GFP, RFP and CFP. The expression constructs 

were made with the entry vectors and the destination vectors pK7FWG2, pB7RWG2 

or pH7CWG2 to generate 35S:: TET-GFP, 35S:: TET-RFP or 35S:: TET-CFP 

constructs, respectively (Figure 1). Since 35S:: TET8-GFP transgenic seedlings were 

lethal, TET8 was fused with its endogenous promoter by multisite gateway approach 

to generate pTET8:: TET8-GFP expression construct (Figure 1). The constructs were 

transformed into Arabidopsis wild-type Col-0 plants by floral dip. 35S:: TET1-GFP 

construct was previously generated in the group and transformed into trn2-4 

heterozygous plants. In T2 generation, the number of T-DNA insertion loci was 

determined with the resistant and sensitive segregation test by germinating the seeds 

on medium containing the selective agent. Only the lines with one T-DNA insertion 
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locus were used for confocal microscopy imaging (Supplemental Table 1). For 35S:: 

TET1-GFP transgenic lines, the lines with one T-DNA insertion locus were further 

tested for phenotypic complementation analysis. The complemented lines were used 

for confocal microscopy imaging (Supplemental Table 1). We took advantage of the 

Arabidopsis primary root as confocal microscopy imaging experimental system for 

most of TET localization, except for TET3 which was imaged in cotyledons. The ones 

fused with GFP were counterstained with the plasma membrane marker dye FM4-64 

whereas the ones fused with RFP were not. The localization patterns were compared 

between duplicated TET genes if possible.  

 

 

 

Figure 1. Schemes of tetraspanin expression constructs.  

(a) Expression constructs with 35S promoter.  

(b) TET8 expression construct. LB, left border; RB, right border; Kan, kanamycin 

resistance gene; Bar, Basta; Hyg, hygromycin resistance gene; 35S, CaMV 

promoter; T35S, 35S terminator; eGFP, enhanced GFP; eCFP, enhanced CFP.  

 

 

Some bright TET1-GFP spots were observed at the plasma membrane, which might 

represent local concentration of TET1-GFP in either tetraspanin webs or in vesicles 

(Figure 2). In addition, TET1-GFP was visualized in bright cytoplasmic spots that 

presumably correspond to vesicles. These vesicles were located near the foci on the 

plasma membrane suggesting they originated by internalization or endocytosis. This 
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vesicular localization pattern was more obvious in lateral root cap cells (Figure 2). 

Some ring shape patterns were observed on or close to the plasma membrane that 

did not colocalize with FM4-64 indicating they were at the cytoplasm (Figure 2). 

TET2-GFP was localized at the plasma membrane and vesicles that colocalized with 

FM4-64 (Figure 2). TET3-GFP was localized at the plasmodesmata of cotyledon 

epidermal cells (Figure 2), confirming its identification in the Arabidopsis 

Plasmodesmal Proteome (Fernandez-Calvino et al., 2011). Besides, we observed 

some bright TET3-GFP fusion protein movement along and toward the plasma 

membrane, suggesting a function in trafficking. TET4 was not successfully cloned 

because of mismatches in the coding region.  

 

 

 

Figure 2. TET1, TET2 and TET3 protein localization.  

(a) and (b) 35S:: TET1-GFP in lateral root cap cells. Arrows and arrowheads indicate 

vesicles and ring shape structures, respectively. (c) 35S:: TET2-GFP in root 

epidermal cells. Arrows indicate vesicles. (d) and (e) 35S:: TET3-GFP in the 

epidermal cells of cotyledon. Arrowheads indicate plasmodesmata. Arrows indicate 

the moving vesicles underneath the plasma membrane, the picture was extracted 

from a time lapse film. Scale bars represent 5 µm (a-c) and 10 µm (d and e).  
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TET5-GFP was colocalized with FM4-64 at the plasma membrane and vesicles 

(Figure 3). TET6-RFP had similar localization as TET5-GFP (Figure 3), this fits with 

their redundant functions as described in Chapter 2. Driven by the endogenous 

promoter, TET8-GFP colocalized with FM4-64 at the plasma membrane of the 

epidermal cells at the differentiation zone. Additionally, some cytoplasmic fractions 

were also observed (Figure 4). TET9-RFP was negative. TET10-GFP was the only 

one that was not localized at the plasma membrane. It localized at the cytoplasm. 

Some bright spots were observed (Figure 4). TET11-GFP colocalized with FM4-64 at 

the plasma membrane and vesicles. Interestingly, it also localized at the newly 

formed plasma membrane during cell division (Figure 5). TET12-RFP localized at the 

plasma membrane and cytoplasm (Figure 5), which was quite different from its 

duplicated pair TET11. TET13-CFP was negative. TET14-GFP localized at the 

plasma membrane and cytoplasmic structures resembling the ER (Figure 6). TET15-

RFP localized at the plasma membrane and the cell sap, some bright spots were 

found both inside and outside of the cell sap (Figure 6). TET16-GFP localized at the 

plasma membrane and ER-like organelle surrounding the nucleus (Figure 6). Since 

TET17 promoter activity was negative, its protein localization was not checked.  

The localization of the TET fusion proteins in primary roots using confocal 

microscopy are summarized in the right column of Table 1.  

 

 

 

Figure 3. TET5 and TET6 protein localization.  

(a) 35S:: TET5-GFP in root epidermal cell. Arrows indicate the same vesicle.  

(b) 35S:: TET6-RFP in root epidermal cell of the differentiation zone. Arrows indicate 

vesicle like structures. Scale bars represent 5 µm (a) and 10 µm (b).  
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Figure 4. TET8 and TET10 protein localization.  

(a) pTET8:: TET8-GFP in root epidermal cell of the differentiation zone.  

(b) 35S:: TET10-GFP in lateral root cap cell. Scale bars represent 5 µm (a) and 10 

µm (b).  

 

 

 

Figure 5. TET11 and TET12 protein localization.  

(a) and (b) 35S:: TET11-GFP in root epidermal cells. Arrows indicate the same 

vesicle. Arrowheads indicate the newly formed plasma membrane.  

(c) 35S:: TET12-RFP in lateral root cap cell and root epidermal cells. Scale bars 

represent 5 µm.  
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Figure 6. TET14, TET15 and TET16 protein localization.  

(a) 35S:: TET14-GFP in root epidermal cell. Arrows indicate the ER-like structure.  

(b) and (c) 35S:: TET15-RFP in root epidermal cell. Arrows indicate bright spot inside 

of the vacuole. (c) shows provacuoles as indicated by arrowheads.  

(d) 35S:: TET16-GFP in root epidermal cell. Arrows indicate the ER-like structure. 

Scale bars represent 5 µm.  

 

 

3.3 DISCUSSION  

Tetraspanins were predominantly localized at the plasma membrane (except for 

TET10), In addition, they were also localized at other organelles, suggesting they 

might function in both intercellular and intracellular signaling pathways. These 

localization patterns fit with the hypothesis that a targeting sequence, preferentially a 

signal anchor, is present at the N-terminus to target them to the designated 

organelles.  

The predicted localization results seem to be quite different from each other. In fact, 

the secretory pathway is a very general pathway which includes targeting proteins to 

the ER and plasma membrane. Therefore, TargetP 1.1 is capable of discriminating 

secreted proteins from those targeted to the chloroplast and mitochondrion. Plant-

mPLoc is more precise at predicting the plasma membrane localization while 

Predotar is not as ideal as the other two programmes in our study.  

The predicted localization results were not always consistent with the experimental 

results, except for TET14 and TET16 ER localization and the general plasma 

membrane localization. These programmes use different methods and approaches to 
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train the dataset and they focus on different organelles. In addition, signal peptide or 

signal anchor is not the only factor that determines the localization, post-translational 

modification such as myristoylation can affect protein localization (Warden et al., 

2001) and mannose 6-phosphate is a necessary targeting signal for proteins targeted 

to the lysosomes (Pohlmann et al., 1995). Another targeting signal is signal patch, 

which is far away from each other in the primary sequence, it is only functional when 

protein folding brings them together (Yang et al., 2012). Signal patch is difficult to be 

predicted. Sometimes a particular sequence at other regions of the protein can 

determine the targeting, such as the C-terminal KDEL sequence that is necessary for 

targeting proteins from the plasma membrane back to the ER (Majoul et al., 1996). 

The prediction programmes cannot take all of these factors into account, thus the 

predicted localization is not always the same as experimental observation.  

Some tetraspanins were not evenly located at the plasma membrane, they showed 

concentrated localization as visualized by some bright spots or regions, such as 

TET1-GFP, TET5-GFP and TET6-RFP. These localization patterns might relate to 

tetraspanin-enriched microdomains in which they can form tetraspanin-tetraspanin 

interaction directly or via intermediate proteins (Levy & Shoham, 2005). Additionally, 

although driven by the constitutive 35S promoter, these concentrated patterns were 

only observed in a certain type of cells, such as TET1-GFP in the lateral root cap 

cells, suggesting its function is cell type specific, in analogy with some mammalian 

tetraspanins (Yáñez-Mó et al., 2009).  

The localization at certain organelles or during a certain process suggests specific 

functions. For example, TET14-GFP and TET16-GFP localized at the ER-like 

structure, suggesting they might have functions in protein folding and transport. 

TET11-GFP was found at vesicles and the newly formed plasma membrane, 

suggesting its function in the delivery of cell wall and cell membrane components to 

the dividing cell plane for the formation of the cell plate. TET15-RFP localized inside 

the vacuole, some bright spots were also found. Vacuole has several functions in 

plant cells, such as maintaining the internal pH, supporting cell structure and most 

importantly, in autophagy. Thus, TET15 might function in transporting waste such as 

misfolded proteins or harmful materials into the vacuole for degradation. One of the 

most interesting properties of plasma membrane localized proteins is the polarized 

localization that is due to the polarized transport of some molecules, such as auxin 

and its transporting proteins PINs (Friml, 2003). So far only TET6-RFP is likely to be 
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preferentially localized at both basal and apical part of the epidermal cells at the 

differentiation zone, this needs further investigation and quantification, such as using 

endogenous promoter instead of the 35S promoter. So far, the duplicated pairs 

showed mainly different subcellular localization, supporting the conclusion in chapter 

2 that they have diverged functions.  

 

3.4 MATERIALS AND METHODS  

Growth Conditions  

Seeds were germinated on Murashige and Skoog medium supplemented with 1% 

(w/v) sucrose, 0.8% (w/v) agarose, pH 5.7. Seeds on the plates were vernalized at 4 

°C in the darkness for 2 nights. For the confocal microscopy imaging, seeds were 

germinated vertically at 21°C under 24 h light condition and grown for 6 days. For 

genetic analysis, seeds were germinated horizontally at 21°C under 16 h light regime 

condition and grown for two weeks. 

 

Generation of Expression Vectors and Plant Materials  

TETs open reading frame sequences were amplified with primers listed in 

Supplemental Table 2 and cloned into the entry vectors using BP clonase (Invitrogen) 

to generate the entry clone (Hartley et al., 2000). The expression clones were 

constructed by LR clonase (Invitrogen) with the entry clone and the destination vector 

pK7FWG2 (35S:: TETs-GFP), pB7RWG2 (35S:: TETs-RFP), pH7CWG2 (35S:: TETs-

CFP) or pK7m34GW (pTET8:: TET8-GFP). 35S:: TET1-GFP was previously 

generated in the group. The positive plasmids were transferred into Agrobacterium 

tumefaciens pMP90 cells. All of the constructs were transferred into wild-type Col-0 

plants. 35S:: TET1-GFP was previously transferred into trn2-4 (Col-0) heterozygous 

plants in the group. Plant transformation was done by floral dip transformation. 25 mg 

transgenic seeds of the T1 generation was used for high density plating. The 

resistant seedlings were transferred to soil for T2 generation seed harvest. The 

number of T-DNA loci was analyzed in 12 to 13 T2 populations per construct after 

germination on kanamycin (50 mg/L), DL-Phosphinothricin (50 µM/L) or hygromycin 

(15 µg/ml). The complementation of trn2-4 was analyzed with the lines containing 

one T-DNA insertion locus in T2 after germination on growth medium without 

antibiotics.  
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Signal Peptide, Signal Anchor and Subcellular localization Prediction  

The signal peptide and signal anchor were predicted with SignalP 4.0 server 

(http://www.cbs.dtu.dk/services/SignalP-4.0/) (Petersen et al., 2011). The subcellular 

localization prediction were done with TargetP 1.1 server 

(http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al., 2000), Predotar 

(https://urgi.versailles.inra.fr/predotar/predotar.html) (Small et al., 2004) and Plant-

mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/) (Chou & Shen, 2010). The 

default settings were used.  

 

Confocal Microscopy Imaging  

The confocal images were taken with an Olympus Fluo View FV1000 microscope or 

Zeiss LSM5 Exiter confocal. The fluorescence was detected after a 488 nm (GFP), 

543 nm (RFP) and 514 nm (FM4-64) excitation and an emission of 495-520 nm for 

GFP, 590-620 nm for RFP and 600-700 nm for FM4-64. The seedlings were 

incubated with 2 µM FM4-64 for 5 min in liquid half MS medium on ice, washed out 

three times with the same medium on ice and mounted on the microscopy slide with 

the same medium.  
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SUPPLEMENTAL DATA  

Supplemental Table 1. Tetraspanin fluorescence tag fusion transgenic lines. 

The lines listed below are with one insertion locus except for pTET8:: TET8-GFP 

which was not tested by genetic analysis. 35S:: TET1-GFP was transformed into 

trn2-4 and the phenotype was complemented in these lines. The rest were 

transformed into Col-0. Lines in bold were used for confocal microscopy imaging.  

Constructs  Lines  

35S:: TET1-GFP  D3, D6, D12, D36, D37, D40  
35S:: TET2-GFP A1, A3, A4, A6, B2, B3, B4 
35S:: TET2-RFP A1, B2 
35S:: TET3-GFP A1, A3, A4, A5, A6, B2, B4, B5, B6 
35S:: TET5-GFP A3, A6, B4, B6 
35S:: TET6-RFP A1, A4, A5, A6, B1, B3, B4, B6 
35S:: TET7-CFP A1, A5, B1, B4, B6 
pTET8:: TET8-GFP  A1, A2, B6, B7  
35S:: TET9-RFP A3, A5, B2, B3, B4, B6 
35S:: TET10-GFP A2, A3, A5, B1, B2, B3, B4, B5, B6 
35S:: TET11-GFP A2, A4, A6, B2, B3, B4, B5 
35S:: TET12-RFP A1, A3, A7, A8, B1 
35S:: TET13-CFP A1, A2, A5, B3, B4 
35S:: TET14-GFP A2, A4, A5, A6, B1, B2, B3, B6 
35S:: TET15-RFP A1, A2, A3, A4, A6, B1, B3, B5 
35S:: TET16-GFP A1, A2, A3, A4, A6, B1, B3, B4, B5, B6 
35S:: TET17-RFP A1, A2, A3, A5, A6, B1, B3, B4 

 

 

Supplemental Table 2. Primers used in the study.  

Primer Name Gene specific sequence (5'-3') Purpose 

TET2CDSattB1 ATGGCGTTAGCGAATAACTTAACG TET2 cloning  

TET2CDSattB2 GACCCAACCTTGTTTGTATTTG TET2 cloning 

TET3CDSattB1 ATGAGAACAAGCAACCATCTCATAGGTTTAG TET3 cloning 

TET3CDSattB2 AAGATGGAAATGACTAGGATGTGATTTTG TET3 cloning 

TET5CDSattB1 ATGAACAGAATGAGCAATACAG TET5 cloning 

TET5CDSattB2 ATACCGATCTCTCCCATG TET5 cloning 

TET6CDSattB1 ATGTACAGATTCAGCAACACAG TET6 cloning 

TET6CDSattB2 GTAAAGCTGCTCTTTCTTTTCG TET6 cloning 

TET8CDSattB1 ATGGCTCGTTGTAGCAACAATCTCG TET8 cloning 

TET8CDSattB2 AGGCTTATATCCGTAGGTACG TET8 cloning 

TET10CDSattB1 ATGGGTATGGGCACAAGCACTTTCG TET10 cloning 

TET10CDSattB2 AAACTGTTTTGGTACTGTTG TET10 cloning 
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TET11CDSattB1 ATGTTTCGAGTTAGCAATTTCATG TET11 cloning 

TET11CDSattB2 GACAGAATCACTTTTCCTAG TET11 cloning 

TET12CDSattB1 ATGCTCCGGCTAAGCAACGCCG TET12 cloning 

TET12CDSattB2 GAAGAACCGGCGCTTCCATGG TET12 cloning 

TET14CDSattB1 ATGAAGTCACAAAGCCATAAG TET14 cloning 

TET14CDSattB2 TCTAAACAAAGAGGTGAGG TET14 cloning 

TET15CDSattB1 ATGGCTGATAATGCTCAAGTAG TET15 cloning 

TET15CDSattB2 ACCCTTGAATCGTTCCCAAAAAG TET15 cloning 

TET16CDSattB1 ATGGCGACCATAATCCTTATATG TET16 cloning 

TET16CDSattB2 AGAATAATAGCCCCTATAATCA TET16 cloning 

The sequences GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAGGAGATAGAACC and 

GGGGACCACTTTGTACAAGAAAGCTGGGTC were added to the front of attB1 and attB2 

sequences, respectively. The stop codon was removed from attB2 primers. 
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ABSTRACT  

Developmental cues and response to stress are two major processes determining 

gene differential expression and adjusting plant growth. Meta-analysis shows that 

TETs respond to a variety of perturbations, such as ABA, cold, drought and pathogen 

which correlates with the presence of the respective regulatory elements identified 

from TETs promoter regions. Moreover, the tissue specific regulatory elements 

explain TETs tissue specific expression patterns, such as TET4 in the radicle and 

embryo and TET8 in the endosperm. A transcription factor-TET transcriptional 

regulatory network was generated based on the available ChIP data, known 

transcription factor binding sites and co-expression data. Integrating the results from 

these three analyses with TET expression patterns predicted functions for TET3 in 

flowering, TET8 in defense response and TET9 in trichome development. The 

regulatory networks inferred from the bioinformatics is hypothesis-generating that 

need to be confirmed by experimental testing.  
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4.1 INTRODUCTION  

The promoter regions are enriched with regulatory elements, most of which are 

binding sites of transcription factors (TFs). Genes that are regulated by the same TFs 

or share the same regulatory elements are more likely to have function in the same 

developmental pathway or response to the same perturbation condition. This 

provides a clue for the study of the genes of interest. However, some of the 

regulatory elements are false due to the short, simple and repetitive sequence of 

these regulatory elements in the whole genome. Thus, it is important to identify and 

distinguish the functional elements from the false ones. One of the experimental 

approaches is chromatin immunoprecipitation (ChIP) combined with sequencing 

(ChIP-Seq) or microarray (ChIP-chip) to identify the binding sites for the specific 

regulatory proteins such as TFs. However, this method is highly relying on the quality 

and the specificity of the antibodies to the regulatory proteins. As a result, the 

available number of experiments and the regulatory protein-binding sites identified 

are limited. So far, the Arabidopsis genome contains more than 1000 TFs (Guo et al., 

2005), but only a small number of genome-wide binding maps of these TFs have 

been reported (Thibaud-Nissen et al., 2006; Lee et al., 2007; Kaufmann et al., 2009; 

Morohashi & Grotewold, 2009; Oh et al., 2009; Zheng et al., 2009; Kaufmann et al., 

2010; Sun et al., 2010; Yant et al., 2010; Ouyang et al., 2011; Yu et al., 2011; Wang 

& Perry, 2013). The second approach is genome-wide identification of DNase I 

Hypersensitive sites (DHs). DHs are chromatin regions which are sensitive to 

cleavage by DNase I enzyme. These open chromatin regions have lost the 

condensed structure and make it accessible for the binding of TFs. DHs have been 

demonstrated as a powerful approach to identify the regulatory elements in human 

(Boyle et al., 2011; Song et al., 2011; Thurman et al., 2012) and Arabidopsis genome 

(Zhang et al., 2012). However, the tissues used in Arabidopsis were restricted to the 

leaves and closed flower buds (Zhang et al., 2012), meaning that root and embryo 

specific expressed genes are absent. The third approach is the search of conserved 

orthologous regulatory sequences from multiple, evolutionarily diverse species 

(Hughes et al., 2005). Regulatory sequences that are preserved through evolution 

are more likely to be biologically relevant.  

The genes that are co-expressed under a certain condition and in the same tissue 

are often been considered as co-regulated. These genes have higher possibilities to 

act in the same biological pathway. Not surprisingly, they should also share some 
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common regulatory elements. Combining the regulatory element analysis with the co-

regulated genes will narrow down the number of regulatory elements and give more 

specific insights into the biological functions for the genes of interest.  

We have shown that TET promoters are active in a variety of tissues and cell types. 

These tissue and cell type specific activities are often the result of the presence of 

regulatory elements in the non-coding regions. In addition, they are also responsible 

for the gene response to certain perturbations. On top of this, the TFs bind to these 

elements to regulate gene expression and consequently affect downstream 

pathways. In this chapter, we analyzed TET expression in response to different 

perturbations, identified regulatory elements in TET promoter regions and the TFs 

that target TETs. By integrating these three approaches together with TET promoter 

activities, TETs functions are inferred.  

 

4.2 RESULTS  

4.2.1 Meta-Analysis of TET Response to a Variety of Perturbations  

During growth, plants need to balance between developmental and stress related 

gene expression which is dependent on regulatory elements in their promoters and 

transcription factors that recognize them. A gene that responds to certain 

perturbations suggests that it has a function in the related pathway. Therefore, a 

TET-perturbation heat map was generated based on the microarray experiments in 

the Genevestigator database, upon a specific perturbation, up-regulation of a TET is 

represented by red color and down-regulation by green color (Figure 1). The heat 

map represents a selection of perturbations that TETs respond to, according to their 

gene expression patterns in certain organs, tissues, the phenotypes of their mutants 

and the connection between different perturbations.  

TET1 is highly up-regulated by the brassinolide (BL) and boric acid (H3BO3) 

treatment (Figure 1) but not by BL treatment alone (data not shown). Boron is taken 

up by the roots and transported via the xylem to other parts of the plant. It is 

assumed that boron is involved in the lignification of the cell wall and differentiation of 

the xylem. Brassinosteroids have been found to promote xylogenesis (Clouse & 

Sasse, 1998). Brassinosteroids are necessary for inducing entry into the final stage 

of tracheary element differentiation in cultured Zinnia elegans cells (Yamamoto et al., 

1997). TET1 is expressed in the vascular tissues, this suggests it might have a 
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function in tracheary element formation, which involves xylem differentiation, cell wall 

synthesis, lignification and programmed cell death.  

TET2 is up-regulated by ABA, cold, drought, heat treatment and in scrm-D mute 

double mutant background (Figure 1). TET2 is expressed in meristemoid cells during 

early stomatal development and later, in the stomatal guard cells. In tet2-1 mutant, 

the stomatal density and epidermal cell density were significantly increased, 

indicating that TET2 has a function in entry and amplifying divisions during stomatal 

development. However, there is no stomata morphological phenotype in the mutant. 

ABA is a stress related hormone, it can mimic cold, drought stress and trigger 

stomatal closure. Thus, TET2 function in stomatal guard cells might be related to 

stomatal closure. scrm-D mute double mutant was highly enriched with meristemoids 

and lacked pavement cells and mature guard cells, suggesting that the meristemoids 

were over produced from the entry divisions or the amplifying divisions, which is 

consistent with up-regulation of TET2 because it has a function in entry and 

amplifying divisions.  

TET3 and TET4 are up-regulated by ABA, cold, drought and in CBF3 overexpression 

background seedlings (Figure 1). CBF3 is a transcription factor that binds to the 

DRE/CRT cis-elements of cold and dehydration-responsive genes. This suggests 

TET3 function is ABA, cold and drought regulated.  

TET8 and TET9 are mainly up-regulated by pathogen and elicitor induction (Figure 

1). In addition, TET8 has been found to respond to tomato yellow leaf curl Sardinia 

virus (Lucioli et al., 2014).  

TET10 is up-regulated by antimycin A and hydroxyurea (Figure 1). Antimycin A is a 

mitochondrial electron transport inhibitor, which can prevent cell cycle S-phase entry, 

root meristem activation and growth, resulting in the reduction of root meristem size 

(Xiong et al., 2013). Hydroxyurea is a replication-inhibitor that triggers DNA 

replication stress. DNA replication defective mutant is sensitive to hydroxyurea, as 

visualized by propidium iodide stained dead cells at the root meristem (Cools et al., 

2011). Genes that regulate replication are inducible upon hydroxyurea treatment (Yi 

et al., 2014). TET10 shows a gradient of expression that is stronger at the root 

meristem where the cells are highly mitotically active and weaker at the elongation 

zone. This expression pattern and the inducibility by antimycin A and hydroxyurea 

suggest TET10 might have a function in regulating root meristem and DNA 

replication.  
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TET16 is 63 times up-regulated during pollen tube growth (Figure 1) and it is 

expressed specifically in pollen, suggesting a function in this process.  

 

 

 

Figure 1. Heat map of TET response to different perturbations.  

The perturbations were collected from the dataset in Genevestigator. Red and green 

color represent up- and down-regulation, respectively. Color scale represents fold-

change between -2.0 and 2.0, the values beyond this range are shown in the same 

color as -2.0 and 2.0.  
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4.2.2 Regulatory Element Analysis in TETs Noncoding Regions  

The regulatory elements residing in noncoding regions are most responsible for the 

gene response to perturbations, as they are the binding sites of the TFs. To 

understand TETs response to perturbations, we performed the identification of 

regulatory elements in the TETs noncoding regions. For each TET, the co-regulated 

genes are identified from Genevestigator, defined as positively co-expressed in the 

same tissue and under the same perturbation. Thus, they are more likely to function 

in the same pathway with the respective TET. The common regulatory elements were 

first identified from the co-regulated genes, then recovered from TET. A work flow 

with the key procedures and parameters for the regulatory element identification is 

shown in Figure 2. The noncoding regions refer to 2000bp upstream from the 

translation start site, introns and 1000bp downstream from the translation stop codon.  

More than seven hundred regulatory elements were identified from 2000bp upstream, 

introns and 1000bp downstream of TETs co-regulated genes. About 200 were 

recovered from sixteen TET genes (no result for TET17), 140 were mapped to 

2000bp upstream, 50 to the introns and 22 to 1000bp downstream, respectively, 

hence, most of the regulatory elements were present in the promoter regions. We 

mainly focused on the promoter regions in the following analysis. Most of the 

regulatory elements are identified by DHs, meaning they are functionally related to 

transcription activity and necessary for the binding of proteins such as TFs. Stress 

response elements, such as drought, cold and ABA response elements are the major 

elements present in different TETs, i.e., TET2, TET3 and TET4. ChIP-Seq and ChIP-

chip have been well introduced to identify the target genes of MADS-domain TFs and 

other ABC model related TFs in floral organ development, such as APETALA1 (AP1) 

(Kaufmann et al., 2010), AGAMOUS-Like15 (AGL15) (Zheng et al., 2009), 

APETALA2 (AP2) (Yant et al., 2010). The binding sites of these TFs are widely 

present in the noncoding regions of TET genes. To avoid the repetition, these TFs 

are excluded from Table 1 and will not be described in this topic but in 4.2.3.  
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Figure 2. Work flow of regulatory element identification from TETs.  

The perturbations resulting in up-regulation of TET were selected to create a new 

dataset. The fold-change is larger than 2, however for some of the TETs the fold-

change is set at 1.5, otherwise no perturbation can be identified or not large enough 

as a dataset for the following co-expression analysis, p-value is always set at smaller 

than 0.05. The co-regulated genes of TETs were identified from the newly created 

dataset. The common regulatory elements were mapped to the co-regulated genes 

first, then sorted and ranked according to the parameters. For a detailed procedure, 

see METHODS.  
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Table 1. Selection of the regulatory elements in TETs promoters and introns. The regulatory elements shown in the table are 

selected from the entire list according to following the criteria: they are mainly identified by DNase I Hypersensitivity (DHs) assays 

and present at 2kb up-stream regions (except for POLASIG3 and MYB2CONSENSUSAT of TET2 which are in the intron), most 

importantly, the presence of these regulatory elements can explain TETs expression or response to the perturbations. The common 

regulatory elements between TET8 and TET9 are underlined. DHs, DNase I Hypersensitive sites. CM, conserved motif identified 

from orthologs. Motif, raw regulatory element sequence in the dataset. The sequences of the regulatory elements are not shown in 

the table, only the description is shown. The perturbations that TETs response to are derived from Figure 1 and are listed in the last 

column. Enrichment-fold is defined as the ratio of observed score over the estimated score.  

Gene  Analysis Description pvalue qvalue Enrichment
-fold 

Function Perturbation 

TET1 
 

CM IBOXCORE 0.025 0.406 4.469 Involved in binding of MYB factors of light-regulated genes 
in tomato (Rose et al., 1999). 

BL, high 
light 

CM IBOX 0.046 0.729 5.721 Binding site of light-regulated genes (Giuliano et al., 1988). 

CM GATA PROMOTER MOTIF 0.044 0.702 3.618 Recognized by all of the GATA family transcription factors 
(Morceau et al., 2004). 

TET2 
 

DHs POLASIG3 0.009 0.585 2.769 Abiotic stresses; response to cold (Lindlof et al., 2009). ABA, cold, 
drought, 
heat, 
hypoxia 

Motif  SV40COREENHAN 0.001 0.046 2.499 Drought response; stomata closure (Fang et al., 2008). 

DHs MYB2CONSENSUSAT 0.007 0.400 4.193 Dehydration response (Guo et al., 2014). 

Motif TATCCACHVAL21 0.006 0.357 3.101 Fungal infection; GA treatment (Saibo et al., 2003; 
Bergmann, 2004). 

TET3 
 

DHs DRE-like promoter motif 0.017 0.255 3.888 Dehydration response (Narusaka et al., 2003). ABA, cold, 
drought, 
CBF2 OX, 
CBF3 OX 

DHs LTREATLTI78 0.006 0.083 15.268 Low-temperature responsive element (Higo et al., 1999). 

DHs CBFHV 0.029 0.442 3.237 Dehydration response (Cakir & Olcay, 2013).  

DHs DRECRTCOREAT 0.006 0.092 5.467 Dehydration response (Cakir & Olcay, 2013). 

DHs DRE2COREZMRAB17 0.043 0.648 5.319 Dehydration response (Rashid et al., 2013). 

DHs LTRECOREATCOR15 0.025 0.374 3.423 Cold response (Baker et al., 1994; Jiang et al., 1996). 

TET4 
 

DHs ABF1 0.004 0.202 5.418 ABSCISIC ACID RESPONSIVE ELEMENT-BINDING 
FACTOR 1. Binds to ABA response elements (Choi et al., 
2000). 

ABA, cold, 
drought, 
CBF3 OX 

DHs RYREPEATLEGUMINBOX 0.007 0.384 4.543 Seed-specific and ABI3 related element (Chandrasekharan 
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et al., 2003).  

DHs ABRERATCAL 0.015 0.835 2.355 Present at the promoter region of AmCBL1 gene. The 
promoter is a vascular-specific multiple-stress-inducible 
promoter (Guo et al., 2010).  

DHs ABRE-like binding site 
motif 

0.015 0.818 2.867 Present at the ABI4 and ABI5 target genes (Reeves et al., 
2011).  

DHs GADOWNAT 0.000 0.001 7.701 Present at GA-downregulated genes and ABA-regulated 
genes (Ogawa et al., 2003; Huang et al., 2007).  

DHs RYREPEATBNNAPA 0.006 0.318 3.551 Seed-specific and ABI3 related element (Ezcurra et al., 
2000).  

TET5 
 

DHs AMMORESIIUDCRNIA1 0.019 0.839 5.319 Response to sugar (Li et al., 2006). BL, Hypoxia, 
Germination Motif SEF1 0.007 0.686 1.895 Sugar response (Contim et al., 2003; Waclawovsky et al., 

2006). 

Motif ANAC092; AT5G39610 0.001 0.086 1.662 Encodes a NAC-domain transcription factor. Positively 
regulates aging-induced cell death and senescence in 
leaves (Matallana-Ramirez et al., 2013).  

TET6 
 

Motif CMSRE-1 0.003 0.094 9.842 Response to sugar (Maeo et al., 2001; Afoufa-Bastien et 
al., 2010; Li et al., 2013). 

BL, Hypoxia, 
Germination 

TET8 
 

DHs CPBCSPOR 0.001 0.180 1.956 Critical for Cytokinin-enhanced Protein Binding in vitro; 
pathogen/elicitor related (Fusada et al., 2005; Shi et al., 
2010). 

Pathogen, 
EF-Tu, 
FLG22, 
Pollen tube 
growth 

DHs BES1; AT1G19350 0.001 0.102 1.548 Brassinosteroids, pathogen response (Nakashita et al., 
2003; Belkhadir et al., 2012). 

DHs MYB46; AT5G12870 0.000 0.005 3.451 Related to fungus (Ramirez et al., 2011a; Ramirez et al., 
2011b). 

DHs MYB4; AT4G38620 0.006 0.955 1.948 JA, SA, wounding, UV-B (Jin et al., 2000; Schenke et al., 
2011).  

DHs WRKY70;AT3G56400 0.001 0.124 1.763 Function as activator of SA-dependent defense genes and 
a repressor of JA-regulated genes. MAPK cascade, 
defense response to bacterium and fungus (Li et al., 2004).  

DHs AP3SV40 0.003 0.497 2.002 AP-3 binding site consensus sequence in enhancer 
regions of Simian virus 40, Mouse mammary tumor virus, 
Murine leukemia viruses, Interleukin 2 (Mercurio & Karin, 
1989).  

DHs CGCGBOXAT 0.000 0.000 3.263 Recognized by AtSR1-6, induced by temperature 
extremes, UVB, salt, wounding; ethylene, abscisic acid; 
methyl jasmonate, salicylic acid (Yang & Poovaiah, 2002). 

DHs -300ELEMENT 0.001 0.192 2.298 Endosperm-specific expression (Thomas & Flavell, 1990).  
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DHs AACACOREOSGLUB1 0.001 0.120 1.882 Involved in controlling the endosperm-specific expression 
(Wu et al., 2000).  

Motif MYB98; AT4G18770 0.007 0.795 1.527 MYB98 is expressed exclusively in the synergid cells. 
MYB98 also is expressed in endosperm (Kasahara et al., 
2005).  

TET9 
 

DHs CPBCSPOR 0.002 0.141 5.645 Critical for Cytokinin-enhanced Protein Binding in vitro; 
pathogen/elicitor related (Fusada et al., 2005; Shi et al., 
2010). 

Pathogen, 
EF-Tu, 
FLG22, IAA 

DHs BES1; AT1G19350 0.001 0.126 2.231 Brassinosteroids, pathogen response (Nakashita et al., 
2003; Belkhadir et al., 2012). 

DHs ELRECOREPCRP1 0.000 0.000 4.556 Elicitor Responsive Element core of parsley PR1 genes. 
Required for elicitor responsiveness. (Rushton et al., 1996; 
Eulgem et al., 1999) 

DHs CGCGBOXAT 0.001 0.052 2.280 Recognized by AtSR1-6, induced by temperature 
extremes, UVB, salt, wounding; ethylene, abscisic acid; 
methyl jasmonate, salicylic acid (Yang & Poovaiah, 2002). 

DHs WBBOXPCWRKY1 0.010 0.934 1.808 Elicitor response elements in the promoters of parsley PR1 
genes (Rushton et al., 1996).  
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A. The Regulatory Elements in TET1 Promoter and Intron Are Related to Light 

Regulation  

TET1 is up-regulated by high light condition according to the perturbation heat map 

(Figure 1). The regulatory element analysis shows that light-regulated gene binding 

sites are enriched at both the promoter and intron region, such as the IBOXCORE 

and IBOX motif (Giuliano et al., 1988; Rose et al., 1999) (Table 1). Another enriched 

regulatory element is GATA PROMOTER MOTIF (Table 1) that can be recognized by 

all of the GATA family TFs (Morceau et al., 2004), including GATA2, which has been 

identified as a key transcriptional regulator that mediates the crosstalk between 

brassinosteroid and light signaling pathways (Luo et al., 2010).  

 

B. The Regulatory Elements in TET2 Promoter and Intron Are Related to Stress 

Response  

The regulatory elements identified from the TET2 promoter and intron regions are 

mainly related to stress response, including cold, dehydration, and drought response 

(Table 1). The combination of closely related elements is important for understanding 

the regulation of complex cellular processes (Lindlof et al., 2009), such as stomatal 

closure. The presence of these stress response elements nicely fits with the up-

regulation of TET2 in response to ABA, cold and drought (Figure 1), which can 

induce stomatal closure. Given that TET2 is expressed in the mature stomatal guard 

cells while no morphological defect was observed, TET2 function in the mature 

stomatal guard cell might relate to stomatal closure caused by stress condition.  

 

C. The Regulatory Elements in TET3 Promoter Are Related to ABA and Cold 

Response  

TET3 is up-regulated by ABA, cold, drought and in CBF3 overexpression background 

(Figure 1). Interestingly, the TET3 promoter region is enriched with cold and drought 

responsive elements (Table 1). TET3 expression at the SAM organizing center 

suggests it might have a role in SAM identity maintenance or floral transition. 

Temperature has been demonstrated to influence flowering time (Ausin et al., 2005). 

One of the regulatory elements in the TET3 promoter region is CBFHB that is the 

binding site of CBF3 (CRT/DRE binding factor 3). CBF3 is rapidly induced in 

response to low temperature, it encodes a transcription activator that controls the 
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expression of genes containing the C-repeat/dehydration responsive element in their 

promoters. Overexpression of CBF3 can induce the expression of target cold-

regulated genes (Gilmour et al., 2000). Given TET3 expression pattern, regulatory 

element at the promoter region and the response to cold, TET3 may have a function 

in floral transition and the transcriptional level could be cold inducible.  

 

D. The Regulatory Elements in TET4 Promoter Are Related to ABA Response 

and Tissue-Specific  

Similar to TET3, TET4 is also up-regulated by ABA, cold, drought and in CBF3 

overexpression background (Figure 1). Its promoter is enriched with ABA response 

elements (Table 1). Interestingly, TET4 harbors tissue-specific regulatory elements 

(Table 1). RYREPEATLEGUMINBOX and RYREPEATBNNAPA are widely distributed 

in seed specific promoters of monocots and dicots (Ezcurra et al., 2000; 

Chandrasekharan et al., 2003). RYREPEATLEGUMINBOX affects spatial regulation 

in the radicle and mediates high levels of expression in the embryo 

(Chandrasekharan et al., 2003). ABRERATCAL is present at the promoter region of 

CBL1 gene that is a calcium sensor regulates drought, cold and salt signals in 

Arabidopsis, its promoter is vascular-specific and multiple-stress-inducible (Guo et 

al., 2010). The presence of these regulatory elements in the TET4 promoter region 

explains TET4 strong expression in the radicle of mature embryo and in the root 

vascular tissue after germination.  

 

E. The Regulatory Elements in TET5 and TET6 Promoter Regions Are Related 

to Sugar Response  

Although TET5 and TET6 have the same expression pattern in the vascular tissues, 

their promoters do not have the same regulatory elements (Table 1). However, the 

regulatory elements identified from the promoter region of TET5 (SEF1 and 

AMMORESIIUDCRNIA1) and TET6 (CMSRE-1) point to the function of sugar 

response. The soybean Sucrose Binding Protein (GmSBP2) promoter was able to 

drive the reporter gene expression specifically to the phloem of leaves, stems and 

roots of tobacco (Contim et al., 2003), several tissue-specific controlling elements 

were found in the GmSBP2 promoter region, including the SEF1 motif (Waclawovsky 

et al., 2006). CMSRE-1 element was found to be present at the promoter regions of 
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the genes that are inducible by sugar, such as β-amylase gene in sweet potato 

(Maeo et al., 2001) and Calcineurin B-line1 gene in Arabidopsis (Li et al., 2013).  

 

F. TET8 and TET9 Have the Most Regulatory Elements and are Most Diverse  

TET8 and TET9 promoter regions have the most regulatory elements which are 

related to diverse functions (Table 1), such as defense and pathogen response, 

endosperm-specific expression. TET8 and TET9 are highly up-regulated by pathogen 

and elicitors (Figure 1) and correspondingly, the promoter regions are enriched with 

common defense response regulatory elements, which is not the case for the other 

TETs. Additionally, three endosperm-specific expression elements were identified at 

TET8 promoter region (Table 1), which fits with TET8 expression in the endosperm 

(Figure 3). One of them is the MYB98 binding site, MYB98 expression is observed in 

the synergid cells (Kasahara et al., 2005). Presumably TET8 is expressed in the 

synergid cells as well (Figure 3), this needs further investigation.  

The regulatory elements identified from TET7, TET10-TET15 do not have clear links 

to their expression patterns or inducible conditions. Most of these regulatory 

elements are identified from raw motif dataset.  

 

 

 

Figure 3. TET8 promoter activities in endosperm (a) and synergid cells (b).  

Transgenic plants shown are: pAtTET8:: NLS-GFP-GUS. Arrows indicate endosperm 

(a) and synergid cells (b), respectively. Scale bars represent 0.1 mm (a) and 0.01 

mm (b). (c) scheme of an ovule, adapted from (Sundaresan & Alandete-Saez, 2010).  
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4.2.3 Inference of TETs Functions by Transcription Factors-TETs Regulatory 

Network Analysis  

Genes that are regulated by certain TFs suggest they have similar functions with the 

TFs and participate in the downstream pathways. ChIP-Seq and ChIP-chip can 

identify direct target genes of TFs, however, ChIP experiment can be dependent on 

the tissue or condition, a conserved binding motif analysis of this TF can be used to 

further extend the set of predicted target genes (Van de Velde et al., 2014). To 

extend the knowledge about TETs functions in different aspects of plant development, 

a TFs-TETs transcriptional regulatory network was generated.  

 

A. Generating a Gene Regulatory Network of Upstream Regulators of TETs  

In order to obtain an understanding of the transcriptional regulation of TETs, different 

regulatory datasets were integrated to generate an overview (Figure 4). A set of 

known cis-regulatory motifs were mapped on conserved noncoding sequences in 

Arabidopsis thaliana (Van de Velde et al., 2014). In this way a conserved motif gene 

regulatory network was obtained. A subset of this network with regard to the TETs is 

displayed in the figure as arrows labelled “conserved”. Genes that display differential 

expression (DE) in publicly available datasets upon perturbation (knock-out or 

overexpression) of the TFs followed by expression profiling with microarray or RNA-

Seq are labelled “DE”. All publicly available TF-ChIP data was reprocessed through 

an analysis pipeline consisting of quality control, platform-specific signal processing, 

and peak calling to generate TF-target interactions (Heyndrickx et al. 2014 in press). 

A subset of this network with regard to the TETs is displayed in the figure as arrows 

labelled “ChIP”. Co-expression was determined between all TFs and target TET 

genes using the Pearson correlation coefficient based on 11 CORNET expression 

compendia (De Bodt et al., 2012). These interactions are shown in different colours in 

the figure with the specific expression compendium mentioned for each colour.  

 

B. The Regulatory Network Provides Insights into TETs Functions  

Most of the TETs are regulated by multiple TFs, i.e. TET3, TET4, TET8, TET9 and 

TET14. Some duplicated TETs share common TFs, i.e. TET3 and TET4, TET8 and 

TET9. TETs are regulated in distinct pathways, such as light response, circadian 

clock, floral organ identity, flowering initiation and defense response. Genetic 

manipulation of the TFs would result in the differential expression of TF and 



 

 

100 Chapter 4 

eventually of its the target genes. Thus the transcription rates of TETs in the TFs 

perturbed genetic backgrounds were checked in Genevestigator and summarized in 

Figure 5 to facilitate the interpretation of TFs-TETs regulation. By analysing and 

integrating TFs function and expression patterns from published data, TETs 

expression patterns described in Chapter 1 and the transcription rates information 

between TFs and TETs collected from Genevestigator, TETs functions were inferred.  

 

 

 

Figure 4. TFs-TETs regulatory network.  

Nodes and arrows depict genes and regulatory interactions, yellow and grey rounded 

rectangles are TFs and TETs, respectively. The arrows do not represent any positive 

or negative regulation between the TFs and TETs. Regulation identified by ChIP-Seq 
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and conserved binding motif are shown with doubled lines and solid lines, 

respectively. Differentially expressed regulation is shown with dashed lines. 

Condition-specific co-expression are shown in different colors: leaf (green), seed 

(purple), root (red), abiotic (yellow), biotic (brown), development (orange), stress 

(pink) and hormone (blue). TETs were identifed from the top 300 co-expression 

genes with the TFs. The binding motif of TFs identified by ChIP and conserved motif 

in this figure are the same as those in Table 1. To avoid repetition, they are only 

described in this topic. AGL15: AGAMOUS-LIKE 15, AP1: APETALA1, AP2: 

APETALA2, AP3: APETALA3, ATAF2: ARABIDOPSIS NAC DOMAIN CONTAINING 

PROTEIN 81, BES1: BRI1-EMS-SUPPRESSOR 1, EIN3: ETHYLENE-INSENSITIVE 

3, ERF115: ETHYLENE RESPONSE FACTOR 115, FHY3: FAR-RED ELONGATED 

HYPOCOTYLS 3, GL3: GLABRA3, LFY: LEAFY, MYB4: MYB DOMAIN PROTEIN 4, 

PI: PISTILLATA, PIF4: PHYTOCHROME INTERACTING FACTOR 4, PIF5: 

PHYTOCHROME INTERACTING FACTOR 5, PRR5: PSEUDO-RESPONSE 

REGULATOR 5, SEP3: SEPALLATA3, SR1/CAMTA3: SIGNAL RESPONSIVE 

1/CALMODULIN-BINDING TRANSCRIPTION ACTIVATOR 3, TOC1: TIMING OF 

CAB EXPRESSION 1.  



 

 

102 Chapter 4 

 

Figure 5. Heat map of TFs and the target TETs expression levels in TFs genetic 

background.  

(a) Heat map of TFs and the target TETs expression levels as based on the analysis 

in figure 4. The genetic backgrounds are listed on the top of the heat map. Red and 

green color represent up- and down-regulation, respectively. Color scale represents 

fold-change between -2.0 and 2.0, the values beyond this range are shown in the 

same color as -2.0 and 2.0. “+” indicate the expression levels of the TFs and “x” 

indicate the target TETs. In “35S::amiR-mads-2_strong” and “pif4-101 pif5-3” 

backgrounds, the black and white colours are used to distinguish TFs and their 

respective target TETs.  

(b) Summary of the correlation between TFs and TETs. Arrows and blunt-ended 

arrows indicate positive and negative correlation, respectively.  
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C. TET3 Function is Flowering Response Related  

Three of the TFs that regulate TET3 identified by ChIP or conserved motif have a 

function in flowering response (PRR5, Pseudo-Response Regulator 5; AGL15, 

AGAMOUS-Like 15; PIF4, PHYTOCHROME INTERACTING FACTOR 4). PRR5 

positively regulates flowering while AGL15 acts redundantly with AGL18 as a 

repressor of flowering (Adamczyk et al., 2007; Nakamichi et al., 2007). PIF4 is 

necessary for the thermal acceleration of flowering in short photoperiods (Kumar et 

al., 2012). Another flowering gene, LFY (LEAFY), is found to be differentially 

expressed with TET3 (Figure 4). Overexpressing LFY can result in early flowering 

(Kobayashi et al., 1999). In the heat map of TFs-TETs expression levels (Figure 5), 

AGL15 and TET3 expression levels are negatively correlated in agl15 agl18 double 

mutant background. PIF4 expression level is positively correlated with TET3 (Figure 

5). LFY and TET3 expression levels are negatively correlated in all of the five LFY 

genetic background (Figure 5). During the development, TET3 expression is 

positively correlated with PPR5 and PIF4 while negatively with AGL15 and LFY, 

especially at the flowering stage where the expression of AGL15 and LFY increase 

and TET3 decreases (Figure 6). These results suggest TET3 is differentially 

regulated by multiple TFs and is involved in flowering response and SAM-

inflorescence meristem transition.  
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Figure 6. Expression level of TET3 and the related TFs in different 

developmental stages. The developmental stages depicted at the bottom of the 

figure are: germinated seed, seedling, young rosette, developed rosette, flowering, 

young flower, developed flower, flowers and silique, mature siliques, senescence. 

The picture was generated from Genevestigator. Black square indicates TFs and 

TET3 expression level at flowering. The PI and BES1 TFs that also regulate TET3 

are not shown in the figure.  

 

 

D. TET8 in Defense Response  

Three of the TFs that regulate TET8 are involved in defense response, such as 

SR1/CAMTA3 (SIGNAL RESPONSIVE 1; CALMODULIN-BINDING 

TRANSCRIPTION ACTIVATOR 3), MYB4 and EIN3 (ETHYLENE-INSENSITIVE3) 

(Figure 4). Loss of function sr1 mutant shows enhanced resistance to fungal and 

bacterial pathogens, indicating SR1 suppresses defense response (Nie et al., 2012). 

MYB4 is a transcriptional repressor, its expression is early up-regulated by elicitor 

FLG22 (Schenke et al., 2011) which can be recognized by LRR receptor kinase FLS2 

(FLAGELLIN-SENSITIVE 2) and activate the downstream immune signaling pathway 

(Asai et al., 2002). Interestingly, FLS2 expression is directly controlled by functionally 

redundant EIN3 and EIN3-like in an ethylene-dependent manner. ChIP result 
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confirmed two EIN3 binding sites in FLS2 promoter (Boutrot et al., 2010). TET8 is 

also identified as the target gene of EIN3 by ChIP (Figure 4). In the heat map of TFs-

TETs expression levels, TET8 is up-regulated in two loss of function sr1 alleles and 

down-regulated in ein3-1eil1-1 double mutant (Figure 5), indicating TET8 expression 

is antagonistically regulated by SR1 and EIN3 in the immune signaling pathway.  

 

E. TET9 in Trichome Development  

One of the TFs that regulate TET9 is GL3 (GLABRA 3) (Figure 4), which is involved 

in both leaf and root epidermal cell fate specification. In the leaf, GL3 is expressed in 

the area where the trichome is formed and also in the developing and young trichome. 

It has a role in promoting trichome formation. TET9 is expressed in the leaf, in 

trichome initial cells and mature trichome (Figure 7). By looking into Arabidopsis 

tissue specific data source in eFP Browser (Winter et al., 2007), we noticed that 

TET9 expression level is increased in the gl3-sst sim (glabra3-shapeshifter siamese) 

double mutant (Figure 7) (Marks et al., 2007; Marks et al., 2009).  

 

 

 

Figure 7. TET9 expression pattern.  

(a) Rosette leaf and mature trichome. (b) SAM and trichome initial cells at leaf 

primordia indicated by arrows. Transgenic plant shown is pAtTET9:: NLS-GFP-GUS. 

(c) TET9 expression levels in the trichome of Col-0 (64.46 ± sd 48.17), gl3-sst (62.24 

± sd 24.19), gl3-sst sim double mutant (152.1 ± sd 110.68) and gl3-sst nok double 

mutant (84.93 ± sd 15.89). Picture modified from eFP Browser (Winter et al., 2007). 

Scale bars represent 1 mm (a) and 0.1 mm (b).  
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4.2.4 Experimental Tests of TETs Response to the Perturbations  

To confirm TET8 in defense response, the elicitors FLG22 and EF-Tu were used to 

mimic pathogen infection and monitor TET8 expression. TET8 was significantly 

induced by both FLG22 and EF-Tu (Figure 8). This nicely fits with the perturbation 

heat map, regulatory elements in the promoter region and TFs-TET8 regulatory 

network. Moreover, we noticed that TET8 overexpression transgenic seedlings (35S:: 

TET8-GFP) are lethal, while the transgenic seedlings with GFP fused at the N-

terminal of TET8 (35S:: GFP-TET8) or the endogenous promoter fusion (pAtTET8:: 

TET8-GFP) are normal (Figure 8). N-terminal GFP might interfere with the signal 

peptide at the TET8 N-terminus and with TET8 localization and proper function.  

 

 

 

Figure 8. TET8 expression levels after EF-Tu and FLG22 treatment and 

transgenic TET8 seedling lethal phenotype.  

(a) TET8 expression levels measured by qRT-PCR after 2h elicitor treatment at the 

concentration of 1µM. CYP81F2 and FADLOX were used as positive control (Denoux 

et al., 2008). Means are presented ± sd.  

(b) TET8 transgenic seedlings carrying different constructs on 50mg/L kanamycin 

medium. Left, 28-d-old negative seedling. Middle, 28-d-old 35S:: TET8-GFP seedling. 

Right, 16-d-old pTET8:: TET8-GFP seedling. The constructs were transformed into 

Col-0 background.  

 

 

4.3 DISCUSSION  

According to the phylogenetic analysis, most of the TETs are duplicated (Wang et al., 

2012). However, gene expression analysis using transgenic lines with promoter-

reporter gene fusion (proTETs:: NLS-GFP-GUS) showed that the duplicated genes 
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have divergent expression patterns indicating that the regulatory elements have 

evolved in the TET promoters, resulting in an altered TET gene expression in space 

and time, a phenomenon called neofunctionalization (Lucioli et al., 2014). The 

regulatory elements analysis explained the molecular nature of the divergence. 

Regulatory elements even differed in TET5 and TET6, that have redundant 

expression pattern.  

Meta-analysis of gene response to certain perturbations gives a general idea about 

the gene function in biological processes. However, these responses, as measured 

by the differential expression, could be due to the indirect or secondary regulation. 

The regulatory elements residing in the gene noncoding regions are most responsible 

for the gene response to the perturbations, as they are the binding sites of the TFs 

that regulate genes expression. The enrichment of certain stress response regulatory 

elements can support the hypothesis of response to the perturbations. Furthermore, 

the regulatory elements analysis also reveals more information that are not reflected 

by the perturbations, such as tissue specific expression elements and biological 

function elements such as sugar response and transport. The perturbations selected 

to generate the heap map (Figure 1) are based on our current knowledge about TETs 

according to the expression patterns, phenotypes and the correlation between each 

perturbations. It only represents part of the entire available perturbation in 

Genevestigator, as a result, some of the perturbations might be overlooked for 

certain TETs. 

The identification of upstream transcription factors that bind to these regulatory 

elements makes the inferences of gene functions more solid, especially when the 

transcription factors and the target genes have overlapping expression patterns in the 

tissues and cell types. The results obtained from the three approaches have to be 

interpreted in an integral level rather than individually. They support each other or 

one another in hypothesis generating.  

TET3 is expressed at the SAM organizing center, responds to cold and drought 

perturbations, cold and dehydration response regulatory elements are enriched at the 

promoter region, it is regulated by AGL15 and PRR5, all these results indicate that 

TET3 could have a role in cold induced flowering response. Flowering time is not 

altered in the knock-out tet3 mutants growing under 21°C, 16h light condition (data 

not shown),  further experiment on flowering time under lower temperature condition 

will be necessary to validate TET3 function. TET3 function might be also regulated by 
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light quality and circadian clock, simply because PIF4 also targets TET3. However, 

PIF4 expression level is increased at higher temperature and it is necessary for the 

thermal induction of flowering in short photoperiods by activating FLOWERING 

LOCUS T (FT) (Kumar et al., 2012). FT, SOC1 and LFY are considered as floral 

integrator genes (Simpson & Dean, 2002). FT is expressed in the leaf phloem and 

the protein moves to the SAM to activate SOC1, subsequently activating LFY 

(Corbesier & Coupland, 2006), whose expression level is negatively correlated with 

TET3, while PIF4 is positively correlated with TET3 (Figure 4, Figure 5). TET3 protein 

is localized at the plasmodesmata, which is important for the transport between cells 

and low temperature causes plasmodesmata closure (Bilska & Sowinski, 2010). In 

conclusion, TET3 might have a role in flowering response and probably is low 

temperature dependent.  

TET8 has a role in defense response according to both meta-analysis and 

experimental analysis, but it is still not clear which pathway(s) it participates in since 

plant defense involves different mechanisms, such as pattern-triggered immunity and 

effector-triggered immunity (Jones & Dangl, 2006). The downstream pathways 

largely overlap (Tsuda & Katagiri, 2010). The phytohormones such as salicylic acid, 

jasmonic acid and ethylene also contribute to the pathways and the cross talks result 

in different effects (Robert-Seilaniantz et al., 2011). Regarding TET8 plasma 

membrane localization (Chapter 3), TET8 might be an upstream component that 

facilitates signal perception and/or transduction by recruiting other receptors or 

kinases in its microdomain. But the interacting proteins identified from MINDS are 

quite limited, most importantly, they have low interaction score, meaning that they are 

identified only once or twice out of four split-ubiquitin assays (Jones et al., 2014). In 

order to identify the correct interacting proteins, the pathogen or elicitor treatment 

should be necessary. Yet, it is not clear whether TET8 has a positive or negative role 

in defense response, but the results obtained so far seem to point to a positive role, a 

direct resistance test is still necessary to prove the hypothesis.  

 

4.4 MATERIALS AND METHODS  

Growth Conditions  

Seeds were germinated on Murashige and Skoog medium supplemented with 1% 

(w/v) sucrose, 0.8% (w/v) agarose, pH 5.7. Seeds were vernalized at 4 °C in the 

darkness for 2 nights and moved to the growth chambers. For elicitors treatment, the 
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seedlings were transferred into liquid MS medium supplemented with elicitors and 

kept on the shaker for 1h.  

RNA preparation, cDNA synthesis, qRT-PCR and X-Gluc were done as Chapter 2.  

 

Heat Map Generation of TETs Response to Different Perturbations Using 

Genevestigator  

The perturbations were selected from Genevestigator “Perturbation” tool, covering 

the categories “biotic, chemical, elicitor, hormone, light intensity, stress and genetic 

background”. Wild-type genetic background experiments were preferable, unless 

specified. The values represent fold-change converted from Log(2)-ratio. The values 

were polled in Excel to generate the heat map with the software “genesis”.  

 

Regulatory Element Analysis in TET Promoter Regions  

Identification of Co-regulated Genes in Genevestigator  

1. Platform: ATH1:22k array (Default).  

2. Generation of the perturbation platform: The up-regulated perturbations are first 

selected for the gene of interest to create a new platform. Fold-change>2 (for some 

TETs, this can be 1.5 instead of 2.0, otherwise no perturbations can be identified or 

not large enough as a platform for the following co-expression analysis), p-

value<0.05.  

3. Co-expression analysis: The co-expressed genes were identified from the 

perturbation platform across the categories “Anatomy” and “Perturbation”. For each 

category, top 200 positive correlated genes are shown. Pearson correlation 

coefficient as the measure of similarity between genes.  

4. Co-regulated gene identification: The overlapping genes were defined as co-

regulated genes.  

Regulatory Elements Identification  

1. Generation of the motif database: The motif database consists of three different 

collections: 1), RAW data: Including all the regulatory element sequences 

identified/predicted so far. 2), DNase I Hypersensitive sites (DHs): Including genome-

wide identified regulatory elements in Arabidopsis. 3), conserved motif: The elements 

that are conserved in promoters (max 2000bp upstream), introns and downstream 

(max 1000bp) of orthologs, e.g., Arabidopsis tetraspanin is used as reference gene to 
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generate the orthologous gene family in 11 other genomic sequenced dicot species 

and the sequence conservation is evaluated.  

2. Common regulatory elements identification: The common regulatory elements 

were identified by aligning the sequences of the promoters, introns and downstream 

of the co-regulated genes.  

3. Candidate regulatory elements identification (parameters to narrow down the list): 

1), the common regulatory elements have to be recovered from tetraspanin genes. 

2), the regulatory elements have to be at the promoter region, unless identified by 

DHs or ChIP if they are at the introns. 3), The regulatory elements that are identified 

by DHs and ChIP are preferable, then the conserved motif and the raw motif.  

 

Generating a Gene Regulatory Network (GRN) of Upstream Regulators of TETs: 

TFs-TETs Regulatory Network  

In order to understand the transcriptional regulation of TETs, different regulatory 

datasets were integrated to generate an overview. 

A set of known cis-regulatory motifs compiled from the different databases and 

literature were mapped on conserved non-coding sequences in Arabidopsis thaliana 

(Van de Velde et al., 2014). In this way a conserved motif gene regulatory network 

was obtained for 157 TFs for which specific motif information was available. This 

resulted in a GRN of 40,758 interactions for 11,354 target genes. A subset of this 

network with regard to the TETs is displayed in the figure as arrows labelled 

“conserved”.  

Genes that display differential expression (DE) in publicly available datasets upon 

perturbation (knock-out or overexpression) of the TF followed by expression profiling 

with microarray or RNA-Seq are labelled “DE”. 

All publicly available TF-ChIP data was reprocessed through an analysis pipeline 

consisting of quality control, platform-specific signal processing, and peak calling. 

The resulting integrated network comprised 27 unique TFs binding near 15,188 

potential target genes, covering 46,619 unique TF-target interactions (Heyndrickx et 

al. 2014 in press). A subset of this network with regard to the TETs is displayed in the 

figure as arrows labelled “ChIP”.  

Co-expression was determined between all TFs and target genes using the Pearson 

correlation coefficient based on 11 CORNET expression compendia. CAST clustering 

of the correlation coefficients with an upper limit of 300 interactions was used to 
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delineate the top 300 co-expressing genes. Only TF-target interactions that showed 

significant co-expression in less than four compendia were used as an additional filter 

to obtain specificity. These interactions are shown in different colors in the figure with 

the specific expression compendium mentioned for each color. For a detailed 

description, see Van de Velde et al., 2014.  
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ABSTRACT  

TETRASPANIN1/TORNADO2 (TET1/TRN2) has a function in leaf and root 

patterning. In trn2 mutants, rosette leaf size was significantly reduced due to the 

asymmetric and narrow leaf blade, which was caused by severely reduced cell 

number. Rosette leaves and primary roots showed helical growth phenotypes. A 

second locus, TRN1, encodes a unique gene with an LRR domain and homology to 

DAPK or Roco proteins. Its mutant displays phenotypes very similar to the ones of 

trn2 mutants. In trns, transcripts related to cell cycle process, microtubule-based 

movement, shoot and leaf development were down-regulated while hormone 

signaling, biosynthesis processes and defense response were up-regulated. Tandem 

affinity purification identified the TRN2 putative interacting proteins, FLOT1 and 

FLOT2, which function in clathrin-independent endocytosis, shoot apical meristem 

identity maintenance and cell cycle regulation. We speculate that TRNs regulate 

plant development positively through endocytosis, microtubule-based movement and 

cell cycle while negatively regulating hormone response.  
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5.1 INTRODUCTION  

The shoot apical meristem (SAM) is a small dome shape domain that generates 

above-ground organs such as leaves, stems and flowers throughout the plant’s 

lifetime. It is a highly organized structure that contains three different zones: a central 

zone at the very summit that consists of three layers (L1-L3) of stem cells, which is 

maintained by an underlying organizing center, the cells at L1 and L2 divide 

anticlinally while cells at L3 divide in all orientations. As the stem cells continuously 

divide, their descendants are pushed downward to the rib zone below the organizing 

center to produce stem tissues. The descendants are pushed outward to the 

peripheral zone surrounding the central zone to give rise to leaf primordia (Steeves & 

Sussex, 1989). A typical feature of the stem cells is that they are maintained in an 

undifferentiated status, i.e. cells are small and cytoplasmic, no differentiated plastids 

and extremely small vacuoles (Laux et al., 1996). They actively undergo cell division 

to self-renew and replenish the cells used up for lateral primordia initiation.  

SAM identity maintenance is crucial for normal plant aerial organ development and 

structure formation. A gene regulatory network composed of WUS (WUSCHEL) and 

CLVs (CLAVATA) controls this maintenance (Schoof et al., 2000). The transcription 

factor WUS expresses in the organizing center and moves to L1 and L2 to activate 

the expression of CLV3 peptide (Yadav et al., 2011). In turn, CLV3 binds to receptor-

like kinase CLV1 to inhibit WUS expression (Schoof et al., 2000; Ogawa et al., 2008). 

Mutation in WUS results in vacuolated stem cells and a flat SAM structure, disturbed 

shoot and floral meristem development, ectopic primordia initiation across mutant 

apices. Another factor in SAM autoregulation is STM (SHOOT MERISTEMLESS), 

which is expressed in the meristem and required for the shoot meristem maintenance 

(Barton & Poethig, 1993). STM and its related genes such as KNAT1 are necessary 

to specify cell indeterminacy between stem cell and primordia (Byrne et al., 2002), for 

example, STM promotes meristem identity by repressing AS1 (ASYMMETRIC 

LEAVES1) (Byrne et al., 2000), whose activity is necessary for leaf primordia 

specification and leaf patterning. In turn, AS1 prevents KNAT1 and KNAT2 

expression in primordia founder cells (Byrne et al., 2000). Phytohormone such as 

cytokinin is also proposed to participates in regulating SAM activity by stimulating cell 

division through increasing D-type cyclins (Riou-Khamlichi et al., 1999; Fletcher, 

2002). Additionally, cytokinin increases the expression of STM and KNAT1, which 

mutually appear to promote cytokinin accumulation (Fletcher, 2002).  
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Cell cycle is the most fundamental process in plant post-embryonic development, it 

enables the meristematic cells to self-renew and produce new cells for organ 

formation and development, thus the correct regulation of cell cycle is pivotal for 

normal plant development and architecture. It consists of two major phases: 

interphase that proceeds in three stages: Gap1 (G1), Synthesis (S) and Gap2 (G2) 

whereas M phase includes mitosis and cytokinesis. In short, at G1, cells start to grow 

and expand, organelles like chloroplasts and mitochondria duplicate to prepare for 

DNA synthesis. At S, the cells replicate their DNA. At G2, the cells continue to grow 

and prepare for entering the mitotic phase, at M phase, the cells divide into two 

daughter cells (Dewitte & Murray, 2003). Like in other eukaryotic organisms, the plant 

cell cycle is governed by cyclin-dependent kinases (CDKs). Different CDK-cyclin 

complexes trigger the onset of DNA replication and mitosis by phosphorylating a 

number of substrates at G1/S and G2/M transition points, respectively (Inzé & De 

Veylder, 2006). The catalytic CDK subunits are responsible for recognizing the 

substrate proteins, they are inactive unless bound to the appropriate cyclins that have 

roles in discriminating different substrate proteins. In addition, CDK activities can be 

inhibited by phosphorylation by WEE1 kinases or the binding of inhibitor proteins that 

might block the assembly of CDK-cyclin complexes (Dewitte & Murray, 2003).  

The CDK-cyclin complexes and their regulatory factors guarantee the correct 

transitions between different phases and the replication of DNA. The mechanical 

separation of the chromosomes and the division into two daughter cells will take 

place in the mitotic phase, that includes four sequential phases (prophase, 

metaphase, anaphase and telophase) and an event called cytokinesis. Although a set 

of activities takes place successively or simultaneously, such as preprophase band 

formation, mitotic spindle assembly, chromosomes segregation, phragmoplast 

formation and cell wall synthesis, they are all related to microtubule-based 

movement. Microtubules are components of the cytoskeleton. They are found 

throughout the cytoplasm and formed by the polymerization of globular proteins alpha 

and beta tubulin (Heald & Nogales, 2002). Microtubules are important for M phase 

because they rearrange with actin filaments to form the preprophase band to indicate 

the future division plane and the site where the cell wall will form. As the preprophase 

band dissolves, the nucleated microtubules form the mitotic spindle and attach to the 

kinetochores at the centromeres of the chromosomes to segregate them correctly. 

The microtubules rearrange again to form the phragmoplast to organize the cell wall 
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synthesis and finally the parent cell divides into two daughter cells (Kost et al., 2002). 

Microtubule assembly or orientation defective mutants normally result in aberrant cell 

division or cell morphology (Li et al., 2010; Ambrose et al., 2011; Pietra et al., 2013). 

In addition to the function in cell division, microtubules also function in determining 

cell elongation direction and cell morphology. This function is carried out by the 

cortical microtubule arrays and orientation. In the elongation zone of the Arabidopsis 

root, the cortical microtubules are arranged into transverse arrays, allowing the cells 

to elongate perpendicularly to the longitudinal axis (Furutani et al., 2000). Quite a lot 

of cortical microtubules mutants have some phenotypes in common, such as the 

helical growth of organs and dwarf seedlings (Buschmann & Lloyd, 2008).  

TETRASPANIN1/TORNADO2 (TET1/TRN2) has a function in leaf and root patterning 

(Cnops et al., 2000; Cnops et al., 2006). A second locus, TRN1, encodes a unique 

gene with an LRR domain and homology to DAPK or Roco proteins that displays 

mutant phenotypes very similar to trn2 mutants (Cnops et al., 1996b; Cnops et al., 

2000; Cnops et al., 2006; Marin et al., 2008). trn mutants have dramatic and 

pleiotropic phenotypes during development. In trn mutants, rosette leaf size was 

significantly reduced due to the asymmetric and narrow leaf blade, which was caused 

by severely reduced cell number and vacuolated cells in leaf primordia. Flow 

cytometry revealed that the transition from mitotic cell division to cell expansion 

occurred earlier in trn mutants (Cnops et al., 2006). Double mutant analysis showed 

that TRN1 and TRN2 are epistatic to AS1 (ASYMMETRIC LEAVES1) in leaf 

asymmetry (Cnops et al., 2006). Venation patterning in cotyledons and rosette leaves 

was affected in trn as reflected by lower complexity and less continuity of venation 

network, which could be caused by altered auxin distribution (Cnops et al., 2006). 

SAM peripheral zone was enlarged compared to the central stem cell zone in trn2 

(Chiu et al., 2007), inflorescence and floral organs development were affected, such 

as shorter stem, amorphous petals and siliques and the plants were sterile (Olmos et 

al., 2003). A striking phenotype of trn mutants was twisting and helical growing 

organs, such as the inflorescence stems, rosette and cauline leaves, carpels and 

primary roots (Cnops et al., 2000; Cnops et al., 2006; Chiu et al., 2007).  

In trn mutants, the severe and pleiotropic phenotypes related to SAM identify, leaf 

development, organ morphology and cell cycle suggest TRNs are key components in 

signaling pathways. To identify downstream specific and common molecular 

processes differentially expressed in trn mutants, transcriptome analysis was 
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performed. Tetraspanins are well known for their roles in signaling pathway by 

interacting with each other and other proteins within tetraspanin-enriched 

microdomains. Therefore, with the expectation to identify the interacting proteins of 

TET1/TRN2 and TRN1, GFP-based pull-down and Tandem Affinity Purification (TAP) 

were performed, respectively. We postulate that TET1/TRN2 and TRN1 are new 

components in signaling pathways.  

 

5.2 RESULTS  

5.2.1 Transcriptome Analysis of trn Mutants  

A. A Global Expression Profiling of the trn Mutants  

A transcriptome analysis of trn1-2 and trn2-4 shoot tissues, including leaf 1 to 4 and 

the apex, was carried out using Agilent tiling array V4. Since trn homozygotes were 

sterile, the heterozygous seed stock was used for the experiment, homozygotes were 

distinguished by leaf phenotype from the wild type and heterozygotes at seedling 

stage 11 to 13 day-old, with leaves 3 & 4 visible and leaves 1 & 2 fully expanded 

(stage 1.03) (Boyes et al., 2001). Only homozygotes were harvested for RNA 

preparation. Compared to the wild type, 2531 and 1483 genes were differentially 

expressed in trn1-2 and trn2-4 mutants (P<0.05, FC FC>2), of which respectively 857 

and 379 were down-regulated while 1674 and 1104 were up-regulated, 216 genes 

were commonly down-regulated and 762 were commonly up-regulated (Figure 1). 

BiNGO (Biology Networks Gene Ontology) (Maere et al., 2005) analysis showed no 

GO category in the common down-regulated dataset, hence, the less stringent 

FC>1.6 was used, which identified 771 common down-regulated genes (Figure 1).  

 

 

 

Figure 1. Overview of the differentially expressed genes in trn mutants 

identified by Agilent microarray analysis. Venn diagrams showing overlap 
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between trn1-2 and trn2-4.  

(a) Down- and up regulated genes identified at P value<0.05 and FC>2.  

(b) Down-regulated genes identified at P value<0.05 and FC>1.6.  

 

 

B. Common Down-regulated Biological Processes in trn Mutants  

BiNGO analysis showed that the down-regulated genes (P<0.05, FC>1.6) participate 

in three major processes: 1) developmental processes, including shoot formation and 

leaf development; 2) regulation of biological processes, such as regulation of cell 

cycle; 3) cellular processes, including microtubule-based movement, cytokinesis, 

spindle and phragmoplast assembly (Table 1). The genes represented in the GO 

category of leaf development are mainly transcription factors that function in 

regulating shoot meristem formation, lateral organ and leaf formation (Table 2), such 

as TCP family transcription factors (Koyama et al., 2007), GROWTH REGULATING 

FACTORS and JAGGED transcription factor (Dinneny et al., 2004; Wang et al., 

2011). Quite a number of cell cycle regulatory genes were down-regulated in trn 

mutants (Table 3), in addition to genes related to cytokinesis, spindle and 

phragmoplast assembly. These GOs correlated with the asymmetric and narrow leaf 

laminas in trn mutants with severely reduced cell number (Cnops et al., 2006).  
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Table 1. GO categories in common down-regulated genes. BiNGO identified 58 

biological processes at the significance level P<0.05, only the most biologically 

relevant processes are listed, for a full list, see Supplemental Table 1.  

Biological processes P-value Cluster 
frequency  

Total 
frequency  

Developmental 
processes 

phyllome development 1.07E-04 21d /618c 222b/22304a 

leaf development 2.78E-04 19/618 201/22304 

stomatal complex development 1.72E-02 5/618 27/22304 

shoot formation 3.82E-02 3/618 10/22304 

secondary shoot formation 3.82E-02 3/618 10/22304 

Regulation of 
biological 
processes 

regulation of cell cycle 3.02E-09 21/618 111/22304 

regulation of development, 
heterochronic 

3.65E-02 5/618 33/22304 

Cellular 
processes 

microtubule-based movement 7.25E-07 12/618 45/22304 

cytokinesis 2.02E-05 10/618 41/22304 

organelle organization 9.36E-05 36/618 526/22304 

phragmoplast assembly 3.97E-04 4/618 6/22304 

cytokinesis by cell plate formation 3.97E-04 6/618 19/22304 

spindle assembly 3.82E-02 2/618 3/22304 

Reproductive 
processes 

anther development 3.82E-02 5/618 34/22304 

floral organ formation 3.92E-02 4/618 21/22304 

Cellular 
component 
organization 

nucleosome assembly  4.19E-03 8/618 55/22304 

chromosome condensation 3.82E-02 2/618 3/22304 

Metabolic 
process 

DNA metabolic process 2.36E-03 22/618 311/22304 

reciprocal meiotic recombination 1.75E-02 4/618 16/22304 

a, total number of annotated genes in BiNGO. b, total number of genes in the 

process defined by BiNGO. c, number of down-regulated genes used by BiNGO to 

make the entire biological process. d, number of down-regulated genes in the 

process.  
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Table 2. Genes in leaf development GO category of common down-regulated 

genes in trn mutants. Minus indicates down-regulation.  

Gene FC in 
trn1-2 

FC in 
trn2-4 

Description 

AT3G15030 -2.43 -2.37 TCP4, TCP family transcription factor 4. Plays a pivotal 
role in the control of morphogenesis of shoot organs.  

AT5G08070 -2.29 -1.80 TCP17 

AT2G45480 -2.01 -1.88 GRF9 (GROWTH REGULATING FACTOR 9), 
transcription activator that plays a role in the regulation of 
cell expansion in leaf and cotyledons tissues.  

AT4G37740 -1.64 -1.71 GRF2, transcription activator.  

AT1G68480 -2.44 -1.97 JAGGED, zinc finger protein, controls the morphogenesis 
of lateral organs.  

AT3G61970 -1.89 -1.71 NAG2 (NGATHA2), transcription factor, regulates lateral 
organ growth.  

AT1G01030 -2.14 -2.18 NAG3 

AT5G53950 -2.11 -1.67 CUC2 (CUP-SHAPED COTYLEDON 2), transcription 
activator, regulates SAM formation. Controls leaf margin 
development and required for leaf serration.  

AT4G11140 -1.69 -2.02 CRF1 (CYTOKININ RESPONSE FACTOR 1), 
transcriptional activator, component of the cytokinin 
signaling pathway involved in cotyledons, leaves and 
embryos development.  

AT4G18750 -1.91 -1.89 DOT4 (DEFECTIVELY ORGANIZED TRIBUTARIES 4), 
involved in leaf and root development.  

AT5G03790 -2.13 -1.68 ATHB-51 (HOMEOBOX51), transcription factor, has roles 
in meristem identity and leaf morphogenesis.  

AT1G04020 -1.80 -1.89 BARD1 (BREAST CANCER ASSOCIATED RING 1), 
transcription coactivator, loss of function mutations cause 
defects in meristem organization.  

AT2G30420 -3.08 -2.54 MYB-like transcription factor ETC2 (ENHANCER OF TRY 
AND CPC 2), involved in epidermal cell fate specification.  

AT2G42260 -1.81 -1.76 UVI4 (UV-B-INSENSITIVE 4), negative regulator of the 
anaphase-promoting complex/cyclosome ubiquitin ligase, 
inhibits premature cell differentiation.  

AT5G06650 -4.60 -2.51 GIS2 (GLABROUS INFLORESCENCE STEMS 2), 
transcription factor, required for the initiation of 
inflorescence trichomes.  

AT4G32810 -1.73 -2.50 CCD8 (CAROTENOID CLEAVAGE DIOXYGENASE 8), 
involved in strigolactones biosynthesis. 

AT3G17185 -1.92 -1.86 miscRNA, encodes a trans-acting siRNA that regulates the 
expression of auxin response factor genes.  

AT3G07610 -1.81 -1.82 IBM1 (INCREASE IN BONSAI METHYLATION 1), histone 
demethylase, transcription factor.  

AT5G23940 -1.79 -1.79 HXXXD-type acyl-transferase family protein.  
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Table 3. Genes in regulation of cell cycle GO category of common down-

regulated genes in trn mutants. Minus indicates down-regulation.  

Gene FC in 
trn1-2 

FC in 
trn2-4 

Description 

AT2G38620 -4.27 -1.87 CDKB1;2 

AT1G73690 -1.90 -2.04 CDKD1;1 

AT1G44110 -1.70 -2.02 CYCA1;1 

AT1G15570 -2.09 -2.06 CYCA2;3 

AT1G80370 -1.90 -1.93 CYCA2;4 

AT5G43080 -1.83 -1.80 CYCA3;1 

AT4G37490 -1.87 -1.96 CYCB1;1 

AT5G06150 -1.73 -1.83 CYCB1;2 

AT2G17620 -2.06 -2.25 CYCB2;1 

AT1G76310 -1.74 -1.85 CYCB2;4 

AT1G16330 -1.70 -1.91 CYCB3;1 

AT4G34160 -1.67 -1.62 CYCD3;1 

AT5G67260 -2.00 -1.64 CYCD3;2 

AT5G10440 -1.93 -1.97 CYCD4;2 

AT5G02110 -1.72 -1.87 CYCD7;1  

AT4G11920 -1.65 -1.90 CCS52A2 (CELL CYCLE SWITCH PROTEIN 52 A2), 
required for meristem organization and maintenance of 
QC identity.  

AT5G24330 -1.81 -2.02 ATXR6 (TRITHORAX-RELATED PROTEIN 6), may act 
as a positive regulator of the G1-S transition.  

AT5G48820 -1.95 -1.74 ICK6 (INHIBITOR/INTERACTOR WITH CYCLIN-
DEPENDENT KINASE), binds and inhibits CYCD2-
1/CDKA-1 complex kinase activity.  

AT2G33560 -1.87 -1.93 Mitotic spindle checkpoint protein BUBR1 (BUDDING 
UNINHIBITED BY BENZYMIDAZOL 1-RELATED 1), 
essential component of the mitotic checkpoint.  

AT3G48160 -2.07 -1.80 DEL1 (DP-E2F-LIKE 1), transcription factor, controls the 
timing of endocycle onset and inhibits endoreduplication. 

AT3G57860 -1.72 -1.95 UVI4-LIKE (UV-B-INSENSITIVE 4-LIKE)  

 

 

C. Common Up-regulated Biological Processes in trn Mutants  

BiNGO analysis showed the up-regulated genes (P<0.05, FC>2) participate in two 

major processes: 1), response to stimulus, such as response to hormone stimulus 

and defense response to fungus; 2), metabolic process, including ethylene and 

jasmonic acid biosynthetic process (Table 4). Phytohormones have important and 

pleiotropic roles in regulating plant growth. In trn mutants, a number of 

phytohormones signaling pathways and biosynthetic pathways were up-regulated, 

such as jasmonic acid (JA), auxin, salicylic acid (SA), ABA and ethylene (Table 4), 

suggesting TRNs act as repressors of these signaling and biosynthetic pathways. 
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The phytohormones such as ethylene, SA and JA not only regulate plant 

development, but also defense response. It has been shown that excessive 

endogenous JA synthesis and exogenous application of JA can trigger the inhibition 

of cell cycle and root growth (Liechti & Farmer, 2002; Światek et al., 2002; Nelissen 

et al., 2010). It correlated with the inhibited root growth and dwarf phenotype of trn 

mutants (Cnops et al., 2000), therefore, the following studies focused on TRNs in JA 

biosynthesis and signaling pathways. The genes represented in the GO category of 

response to JA stimulus are involved in both JA biosynthetic and signaling pathways 

(Table 5). LOX3, AOS and AOCs, which are the genes in the first three steps of JA 

biosynthesis in chloroplast, were highly up-regulated in trn mutants (Table 5). 

Previously described JA signaling reporter genes, such as VSP1, VSP2 and THI2 are 

present (Table 5) (Love et al., 2012).  

 

 

Table 4. GO categories in common up-regulated genes. BiNGO identified 74 

biological processes at the significance level P<0.05, only the most biologically 

relevant processes are listed, for a full list, see Supplemental Table 2. 

Biological processes P-value Cluster 
frequency 

Total 
frequency 

metabolic 
process 

oxylipin biosynthetic process  1.23E-04 6d/601c 24b/22304a 

JA biosynthetic process 4.51E-04 6/601 20/22304 

ethylene biosynthetic process 3.94E-02 4/601 22/22304 

alkene biosynthetic process 4.10E-02 4/601 23/22304 

response 
to stimulus 

response to JA stimulus 4.11E-08 21/601 148/22304 

response to auxin stimulus 4.16E-04 22/601 282/22304 

response to wounding 2.27E-03 13/601 133/22304 

defense response to fungus 2.59E-03 12/601 117/22304 

response to ABA stimulus 1.21E-02 18/601 272/22304 

JA mediated signaling pathway 1.34E-02 6/601 39/22304 

response to SA stimulus 4.55E-02 10/601 135/22304 

cytokinin mediated signaling pathway 4.56E-02 5/601 39/22304 

a, total number of annotated genes in BiNGO. b, total number of genes in the 

process defined by BiNGO. c, number of up-regulated genes used by BiNGO to 

make the entire biological process. d, number of up-regulated genes in the process.  
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Table 5. Genes in response to JA stimulus GO category of common up-

regulated genes in trn mutants.  

 
Gene  

FC in  
trn1-2 

FC in  
trn2-4 

Description 

J
A

 b
io

s
y
n
th

e
ti
c
 p

ro
c
e
s
s
 AT5G42650 2.36 2.75 

AOS, allene oxide synthase, catalyzes dehydration of 
the hydroperoxide to allene oxide.  

AT3G25760 4.12 4.74 AOC1, allene oxide cyclase 1  

AT3G25770 11.09 8.09 AOC2, allene oxide cyclase 2 

AT3G25780 8.02 6.18 AOC3, allene oxide cyclase 3 

AT1G17420 2.42 2.38 
LOX3, a lipoxygenase catalyzes the oxygenation of 
fatty acids. 

AT1G19640 3.52 2.66 
JMT, an S-adenosyl-L-methionine:jasmonic acid 
carboxyl methyltransferase that catalyzes the 
formation of methyl jasmonate from jasmonic acid. 

At5G07010 3.59 2.46 
ST2A, a sulfotransferase acts specifically on 11- and 
12-hydroxyjasmonic acid.  

J
A

 m
e

d
ia

te
d
 s

ig
n
a

lin
g
 p

a
th

w
a

y
 

AT1G17380 5.56 6.87 JAZ5, Jasmonate-zim-domain protein 5 

AT1G72450 2.24 2.29 JAZ6 

AT2G34600 15.22 21.32 JAZ7 

AT1G70700 2.83 3.08 JAZ9 

AT3G23240 4.89 3.13 ERF1, ethylene response factor  

AT5G47220 7.65 6.64 ERF2 

AT1G06160 3.19 2.71 ERF59 

AT3G16470 4.13 3.59 JR1, JA-responsive gene 

AT4G23600 4.11 3.00 JR2 

AT5G24780 13.49 11.26 
VSP1, VEGETATIVE STORAGE PROTEIN 1, an 
acid phosphatase similar to soybean vegetative 
storage proteins 

AT5G24770 11.34 9.42 VSP2  

AT3G23250 6.30 5.34 MYB15 

AT1G72260 3.60 7.07 
THI2, a thionin which is a cysteine rich protein having 
antimicrobial properties 

AT1G28480 4.16 3.36 GRX480, a member of the glutaredoxin family  

AT2G24850 41.08 28.92 
TAT3, a tyrosine aminotransferase that is responsive 
to treatment with jasmonic acid 

 

 

Double mutants were made between trn and JA biosynthetic mutant aos and JA 

signaling mutant coi1-1. AOS encodes an allene oxide synthase. It catalyzes 

dehydration of the hydroperoxide to an unstable allene oxide in the early JA 

biosynthetic pathway in the chloroplast (Delker et al., 2006). COI1 (CORONATINE 

INSENSITIVE1) encodes an F-box protein and functions as a receptor for jasmonate 

(Katsir et al., 2008). It forms SCFCOI1 complex with CUL1 and ASK1/2 to target the 

JAZs proteins for ubiquitination and degradation via the 26S proteasome pathway 

(Yan et al., 2013). As a result, the transcription factors are released from the 

repressing complex and activate the downstream signaling pathway (Thines et al., 
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2007). qRT-PCR results showed that AOS was up-regulated in both trn1-2 and trn2-4 

mutants but COI1 expression level was not affected (Figure 2), which fits with the 

microarray results. The coi1-1 trn1-5, aos trn1-5, trn2-7 coi1-1 double mutants were 

obtained in F3 and genotyped. They showed trn phenotypes (Figure 3). However, 

neither coi1-1 nor aos has a leaf phenotype. Therefore, the double mutant analysis 

was not informative to conclude that TRNs have functions in JA biosynthetic or 

signaling pathways.  

 

 

 

Figure 2. AOS and COI1 expression levels in trn mutants. Means are presented ± 

se.  

 

 

 

Figure 3. Double mutant phenotypes between trns and aos, coi1-1. The 

seedlings shown were grown on MS medium horizontally under 16h-light/8h-dark 

condition for four weeks.  
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5.2.2 TRN1 and TET1/TRN2 Protein Localization, Western Blot, Tandem Affinity 

Purification and GFP Pull-down  

In mammalians, the most common interactors of tetraspanin are specific members of 

the integrin and the immunoglobulin superfamilies (Levy & Shoham, 2005). However, 

no plant tetraspanin interactor has been reported so far. In Arabidopsis, TET1/TRN2 

has been functionally analyzed before (Cnops et al., 2000; Cnops et al., 2006). A 

second locus, TRN1, encodes a unique protein with an LRR domain and homology to 

DAPK or Roco proteins, the trn1 mutant displays phenotypes very similar to those of 

trn2 mutants (Cnops et al., 1996a; Cnops et al., 2000; Cnops et al., 2006; Marin et 

al., 2008). TRN1 is predicted to be a cytoplasmic protein. Microarray analysis showed 

that the common differentially expressed genes in trn mutants are involved in cell 

cycle, cell division, leaf development, phytohormones biosynthetic and signaling 

pathways, suggesting TRNs are upstream components of these pathways. 

Identification of interacting proteins could position TRNs in a specific signaling 

pathway that would help to understand their functions.  

 

A. Generation of GS-TRN1, RFP-TRN1 and TRN2-GFP Constructs and Plant 

Materials  

TRN1 full length genomic sequences with and without stop codon were cloned into 

the entry vectors. Subsequently, the expression constructs were made with the entry 

vectors and the destination vectors pKCTAP and pKNGSTAP to generate 35S:: 

TRN1-GS and 35S:: GS-TRN1 constructs, respectively (Figure 4. GS tag combines 

two IgG binding domains of protein G from Streptococcus with the streptavidin-

binding peptide (SBP) separated by two tobacco etch virus (TEV) protease cleavage 

sites). The constructs were transformed into both Arabidopsis cell suspension 

cultures and trn1-2 heterozygous plants. To visualize protein localization, 35S:: 

TRN1-RFP and 35S:: RFP-TRN1 constructs were transformed into trn1-2 

heterozygous plants (Figure 4). 35S:: TRN2-GFP and 35S:: GFP-TRN2 constructs 

were previously generated in the group and transformed into trn2-4 heterozygous 

plants (Figure 4). In T2 generation, the number of T-DNA insertion loci was first 

determined with the resistant and sensitive segregation test by germinating the seeds 

on medium containing the selective agent. The lines with one insertion locus were 

used for phenotypic complementation analysis. The result showed that 35S:: GS-

TRN1, 35S:: RFP-TRN1 and 35S:: TRN2-GFP complement trn1-2 and trn2-4 
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phenotypes to wild type plants, respectively. Therefore, the homozygous transgenic 

plants carrying these constructs were used for future protein localization, TAP and 

GFP-based pull-down studies.  

 

 

 

Figure 4. Schemes of TRN1 and TRN2 expression constructs. For the purpose of 

phenotype complementation, the tags were fused both behind and in front of the 

TRNs, respectively. Since trns were sterile, the constructs were transformed into the 

heterozygous plants.  

(a) 35S:: TRN1-GS and 35S:: GS-TRN1 constructs. (b) 35S:: TRN1-RFP and 35S:: 

RFP-TRN1 constructs. (c) 35S:: TRN2-GFP and 35S:: GFP-TRN2 constructs.  

LB, left border; RB, right border; Kan, kanamycin resistant gene; Bar, Basta; 35S, 

CaMV promoter; GStag, GS-TAP tag, it combines two IgG binding domains of protein 

G from Streptococcus with the streptavidin-binding peptide (SBP) separated by two 

TEV protease cleavage sites; T35S, 35S terminator; prolD, promoter of root-specific 

rolD root-inducing genes of Agrobacterium rhizogenes; eGFP, enhanced GFP; 

eGFPER, eGFP with endoplasmic reticulum-targeting signal.  
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B. TRN1 and TRN2 Protein localization and Western Blot  

TRN1 is predicted to be localized at the cytoplasm by Cell eFP Browser (Winter et 

al., 2007). Driven by 35S promoter, RFP-TRN1 cytoplasmic localization was 

demonstrated (Figure 5). TRN2-GFP was localized at the plasma membrane as 

visualized by colocalization with the plasma membrane dye FM4-64 (Figure 5). 

Strikingly, bright spots were observed at the plasma membrane, which might 

represent local concentration of TRN2-GFP in either tetraspanin webs or in vesicles. 

In addition, TRN2-GFP was visualized in bright cytoplasmic spots that presumably 

corresponds to vesicles (Figure 5). These vesicles were located near the foci on the 

plasma membrane suggesting they originated by internalization or endocytosis. This 

vesicular localization pattern was more obvious in lateral root cap cells (Figure 5).  

Since TRN1 is a cytoplasmic protein, buffer HB (Homogenization Buffer) was used 

for protein extraction and anti-GS antibody was used for its detection. Western blot 

showed that GS-TRN1 was abundantly expressed in the transgenic seedlings (Figure 

6). Some lower molecular weight bands were also observed, which could be due to 

the nonspecific antibody binding or the protein degradation process via 26S 

proteasome. To test whether the small fragments were caused by degradation, the 

plant samples were treated with 50 µM proteasome inhibitor MG132 overnight, no 

difference between treated and untreated samples was observed (Figure 6), 

indicating that the small fragments were due to nonspecific binding of the antibody.  

Different detergents were tested to extract TRN2-GFP protein, i.e. 0.8% DDM 

(dodecyl maltoside) and 1% digitonin. The results indicated that 0.8% DDM was more 

efficient than 1% digitonin (Figure 6).  

 

 

 

Figure 5. TRN1 and TRN2 protein localization.  

(a) 35S:: RFP-TRN1 in root epidermal cells. Arrow indicates cytoplasm.  
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(b) 35S:: TRN2-GFP in lateral root cap cells. Arrows and arrowhead indicate vesicles 

and plasma membrane visualized by FM4-64 staining, respectively. Scale bars 

represent 10 µm.  

 

 

 

Figure 6. Western blot of GS-TRN1 and TRN2-GFP. For each sample, 50 μg 

protein samples were loaded on the gel.  

(a) GS-TRN1 Western blot. The plant samples were grown for 6 days in liquid 1/2 MS 

medium at 85rpm under 16h-light/8h-dark condition. TRN1 molecular weight: 

157kDa, GS tag molecular weight: 20kDa. 1, protein ladder; 2-9, different individual 

35S:: GS-TRN1 samples; 10, negative control. The expected bands are indicated 

with red rectangle.  

(b) GS-TRN1 Western blot after MG132 treatment. 1, protein ladder; 2-3, 35S:: GS-

TRN1 + MG132; 4-5, 35S:: GS-TRN1 + DMSO.  

(c) TRN2-GFP Western blot. The plant samples were grown for 14 days on MS 

medium under 16h-light/8h-dark condition. 0.8% DDM and 1% digitonin were used 

for protein purification. TRN2 molecular weight: 30kDa, GFP molecular weight: 

20kDa. 1 & 6, protein ladder; 2, negative control purified with 0.8% DDM; 3, negative 

control purified with 1% digitonin; 4 & 5, 35S:: TRN2-GFP purified with buffer 0.8% 

DDM; 7 & 8, 35S:: TRN2-GFP purified with buffer 1% digitonin. The expected bands 

are indicated with red rectangle.  

 

 

C. TRN1 Tandem Affinity Purification and TRN2 GFP-based Pull-down for 

Interacting Proteins  

For both TRN1 and TRN2, no interacting protein could be identified in Arabidopsis 

cell suspension culture-derived extracts, which might be due to the non-differentiated 
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nature of the cell culture. Thus, the following purifications were on seedlings. Only 

one potential interacting protein was identified for TRN1, which is a 6-

phosphogluconate dehydrogenase family protein. Function inferred from the similarity 

suggests it has a function in catalysing the oxidative decarboxylation of 6-

phosphogluconate to ribulose 5-phosphate and CO2, with concomitant reduction of 

NADP to NADPH. As the protein score is only 56, it is possible that this protein is 

background.  

For TRN2, a total of nine GFP-based pull-down experiments were done in seedlings. 

Two of them failed to recover TRN2, which made the results unreliable, therefore all 

of the purified proteins were considered as background. We noticed that the growth 

of 35S:: TRN2-GFP seedlings was delayed compared to the wild type seedlings in 

these two experiments, leaf 1 and 2 were not visible and the roots were extremely 

short, which was mainly caused by the half strength MS medium. Thus, the other 

seven GFP-based pull-down experiments were done with seedlings growing in MS 

medium for 10 days instead of in half MS medium for 6 days. Moreover, the input 

protein was increased from 50 mg to 100 mg. Buffer Triton-x-100 and C12E8 were 

used in four GFP-based pull-down experiments, but no interacting protein were 

identified. A more sensitive mass spectrometry approach was used in the latest two 

DDM purifications, as a result, more interacting proteins were identified (Table 6). The 

photosystem related proteins, with low protein score were abundant in different 

purification experiments, they might be background. FLOTILLIN1 (FLOT1) and 

FLOT2 were identified with high protein scores (Table 6, Supplemental Table 3), thus 

are more likely to be interacting proteins. There are three FLOTs in Arabidopsis 

thaliana. Sequence similarity from UniProt showed they may act as a scaffolding 

protein within caveolar membranes, functionally participating in the formation of 

caveolae or caveolae-like vesicles. FLOT1 has been shown to function in clathrin-

independent endocytosis, FLOT1 knockdown mutants showed reduced shoot and 

root meristem size due to the reduction of cell numbers and the seedlings showed 

dwarf phenotype (Li et al., 2012). Human flotillin family contains two homologous 

isoforms that can form homo- and hetero-oligomers to participate in various cellular 

processes, such as actin cytoskeleton reorganization, endocytosis and cellular signal 

transduction (Bickel et al., 1997; Langhorst et al., 2005; Babuke & Tikkanen, 2007). 

Silencing of FLOT1 inhibited breast cancer cell proliferation and tumorigenicity (Lin et 

al., 2011).  
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Table 6. TRN2 interacting proteins identified by GFP-based pull-down. exp, 

experiment. Blank value indicates the protein was not purified in the experiment.  

 digitonin 
exp 3 

DDM  
exp 8 

DDM  
exp 9 

AGI code Description Protein score 

AT5G25250 FLOT1; FLOTILLIN1   1039 876 

AT5G25260 FLOT2  747 563 

AT5G46700 TRN2 210 447 479 

AT1G54000 GLL22, GDSL-like Lipase 626 423 577 

AT3G20370 TRAF-like family protein  226 201 

AT3G16470 JAL35, Jacalin-related lectin 35  148 138 

AT3G14220 GDSL-like Lipase 84 118 89 

AT1G54030 GLL25, MVP1  95 112 106 

AT4G02520 GSTF2, glutathione S-transferase PHI 2  111 157 

AT4G23600 JR2, JASMONIC ACID RESPONSIVE 2  101 130 

AT2G47730 GSTF8, glutathione S-transferase PHI 8  92 125 

AT5G57490 VDAC4, voltage dependent anion channel 4  72  

AT2G38380 Peroxidase superfamily protein  69  

AT1G54040 ESP, epithiospecifier protein  59 149 

AT2G30870 GSTF10  54 108 

AT3G50820 PSBO2, photosystem II subunit O-2  44 78 

AT2G30860 GSTF9; glutathione S-transferase PHI 9   245 

AT4G38970 FBA2, fructose-bisphosphate aldolase 2   100 

AT2G39310 JAL22   99 

AT3G61440 CYSC1, cysteine synthase C1   78 

AT1G64200 VHA-E3, vacuolar H+-ATPase subunit E isoform 3   68 

AT1G54220 Dihydrolipoamide acetyltransferase   64 

AT1G47600 BGLU34, beta glucosidase 34   56 

AT1G03130 PSAD-2, photosystem I subunit D-2 230   

ATCG00340 PSAB, photosystem I 112   

ATCG01060 PSAC, iron-sulfur cluster binding 178   

 

 

Interestingly, all of the three interacting proteins that had been identified three times 

are from GDSL-like Lipase family, including GLL22, GLL25/MVP1 and AT3G14220 

(Table 6). GLL22 was previously identified as a component of the PYK10/BGLU23 

complex (Babuke & Tikkanen, 2007). PYK10/BGLU23 is a β-glucosidase that is a 

major protein of endoplasmic reticulum (ER) bodies. GLL25/MVP1 is involved in 

maintaining ER morphology and had been shown to interact with PYK10/BGLU23 

and its complex components, one of which is GLL22 (Nakano et al., 2012). Other 

PYK10 complex components identified as TRN2 interacting protein were JAL35 
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(Jacalin-related lectin 35) and JAL22, JAL22 was defined as “inhibitor-type lectin” of 

PYK10/BGLU23 complex as opposed to “polymerizer-type lectin” (Nagano et al., 

2008). The uncharacterized BGLU34 and GLL25/MVP1 interacting protein TRAF-like 

family protein AT3G20370 is also present in the interacting protein list. However, 

PYK10/BGLU23 is one of the most abundant proteins purified when the TAP 

experiment was done with seedlings, it even appears in wild-type and GFP control 

TAP experiments. As a result, PYK10/BGLU23 is always considered as background. 

Frequently, the components of protein complexes are purified together, so the 

PYK10/BGLU23 complex components and its interacting proteins mentioned above 

might be background, especially those only purified once or with low protein scores.  

 

5.3 DISCUSSION  

Transcriptome analysis of trn mutants showed that the majority of the genes were up-

regulated, suggesting a repressive function of TRNs. Among the up-regulated 

biological processes, phytohormone signaling pathways were prominent, including 

auxin, JA, SA, ABA and cytokinin signaling pathways. The putative repressive role of 

TRNs might compare to the TOPLESS (TPL) protein, which is a co-repressor in auxin 

and JA signaling (Szemenyei et al., 2008; Pauwels et al., 2010). The interactome 

network revealed a global regulatory role for TPL in hormone response, including 

ABA, SA and ethylene in addition to auxin and JA as well as in stress response and 

developmental processes, such as leaf development, meristem maintenance and 

floral transition (Arabidopsis Interactome Mapping Consortium, 2011; Causier et al., 

2012). Thus, TPL appears to be a master co-repressor at the top of the crosstalk 

between hormone response, development and stress response. TRNs might have 

similar roles in hormone and stress response. Taking the TRNs protein localization 

into account, it might be upstream of the signaling pathways, with a function in signal 

transduction from plasma membrane to nucleus via different cytoplasmic organelles.  

Hormone signaling pathways are highly dependent on the presence of the hormones. 

Upon the perception of the hormone molecules by the receptors, the repressive 

complexes are targeted for degradation, resulting in the release of transcription 

factors to activate gene expression (Santner & Estelle, 2010). JA biosynthesis related 

genes were highly up-regulated in trns, suggesting increased JA synthesis and 

elevated JA concentration, as a result the JA signaling pathway was up-regulated. JA 

can induce defense response (Robert-Seilaniantz et al., 2011), thus the up-regulated 



 

 

133 Tetraspanin1/tornado2 and tornado1 transcriptomic and proteomic networks 

defense response pathway in trns could be a secondary effect of elevated JA 

synthesis and concentration or the crosstalk between the hormone signaling. qRT-

PCR demonstrated that the JA synthesis, AOS gene expression level was up-

regulated in trns, however, the double mutant analysis between trns and aos could 

not clearly conclude that TRNs functions in JA synthesis.  

Cell cycle process was affected in trns, as cell cycle related genes were down-

regulated, such as the G1/S transition regulators ATXR6 and CYCD3;1 (Menges et 

al., 2006; Raynaud et al., 2006), the mitotic checkpoint gene BUBR1 and the G2/M 

transition regulator CYCB1;1 (Qin et al., 1996). Human FLOT1 has a positive role in 

G1/S phase transition (Lin et al., 2011), the affected cell cycle process in trns, 

especially in trn2 might at least partially due to the affected G1/S transition through 

the signaling pathway that requires TRN2-FLOT1 complex since FLOT1 is identified 

as TRN2 interacting protein in our study. B-type cyclins transcripts are absent until S 

phase, rise during G2, reach a maximum during G2 and early M phase, and 

decrease rapidly as M phase progresses (Dewitte & Murray, 2003). A set of B-type 

cyclins were down-regulated in trns. D-type cyclin expression was associated with 

proliferating tissues and was excluded from differentiated tissues, for example, 

overexpression of CYCD3;1 dramatically increased leaf cell number (Dewitte et al., 

2003). CYCD3;1 transcripts accumulated in proliferating shoot tissues, i.e. meristem, 

young leaf and developing vascular tissues (Dewitte et al., 2003). Four of the D-type 

cyclins were down-regulated in trns including CYCD3;1. Cell number was severely 

reduced in trns (Cnops et al., 2006), which could be partially due to the down-

regulation of a number of cell cycle genes. Although these cell cycle genes are 

involved in different phases of the cell cycle process, the majority of them are 

functioning in G1, S and G2 phases, suggesting they affected DNA replication in trns 

prior to cell division. Interestingly, a few microtubule-based processes were down-

regulated in trns, such as spindle and phragmoplast assembly, cell plate formation 

and cytokinesis, which are required in mitotic phase. These processes are all closely 

related to microtubule assembly. The down-regulation of these processes, together 

with the affected interphase, suggest that the reduced cell number in trns was the 

consequence of several impaired cell cycle stages. Transcription factors regulate cell 

cycle processes by regulating cyclin expression (Berckmans & De Veylder, 2009), 

such as TCP family transcription factor TCP20 that binds to the promoter of CYCB1;1 

and this binding site was necessary for the high expression level of CYCB1;1 in the 
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G2/M phase (Li et al., 2005). TCPs have pivotal roles in controlling morphogenesis of 

cotyledons and leaves, such as TCP4 (Koyama et al., 2007). TCP4 and TCP17 were 

present in the down-regulated GO cluster “leaf development”, which mainly consists 

of transcription factors that have functions in regulating lateral organ growth, 

morphogenesis and meristem organization, such as JAG (Huang & Tindall, 2007), 

GRF 2 and GRF9 (Wang et al., 2011). The down-regulation of these transcription 

factors might contribute to the asymmetric leaf morphology, reduced lamina cell 

number and altered SAM organization in trns (Cnops et al., 2006; Chiu et al., 2007).  

Apart from participating in cell division processes, the microtubules also have 

important roles in a number of other cellular processes, such as maintaining the cell 

structure as they are components of the cytoskeleton and provide the platforms for 

intracellular transport, i.e. the movement of vesicles (Wacker et al., 1997; Wickstead 

& Gull, 2011). The cortical microtubules that underlie the plasma membrane are 

oriented parallel to the cell wall (Lucas & Shaw, 2008). They have important roles in 

determining the direction of cell elongation and organ growth. In the elongation zone 

of the Arabidopsis root, the cortical microtubules are arranged in transverse arrays, 

allowing the cells to elongate perpendicularly to the longitudinal axis (Furutani et al., 

2000). In the spr1 (spiral1) and spr2 mutants, the cortical microtubules showed left-

handed helical arrays, consequently, the root epidermal cells at the elongation and 

differentiation zone showed right-handed (corkscrew) helical growth phenotype while 

the epidermal cells at the root meristem were normal (Furutani et al., 2000). spr2 

mutants additionally showed right-handed twisting in petioles, resulting in twisted 

rosettes. The twisted rosette and dwarf phenotype of spr1 spr2 double mutant 

resemble trns, but the leaf symmetry was not affected in spr1 spr2 (Furutani et al., 

2000). Common phenotypes of most of the irregular microtubule orientation mutants 

are the helical organ growth and dwarf plants (Buschmann & Lloyd, 2008). A dramatic 

phenotype of trns is the helical growth of organs, including primary root, rosette 

leaves, stem and floral organs (Cnops et al., 2000; Chiu et al., 2007), suggesting that 

the cortical microtubule arrays might be disordered in trns. Indeed, a number of 

microtubule associated genes are down-regulated in trns. One of the questions is: do 

TRNs directly or indirectly interact with microtubules to regulate microtubule 

assembly and arrays? It has been shown that mammalian tetraspanins are anchored 

to the actin microfilaments cytoskeleton through direct binding to ezrin-radixin-moesin 

linkers (Sala-Valdes et al., 2006), but the interaction with tubulin microtubules 
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cytoskeleton has not been reported. Indeed, no actin or tubulin was identified as 

TRNs interacting protein. Even on the TAP background protein list of TRNs, actins 

and tubulins do not have very high protein score. This suggests that some proteins 

may act as bridge to link TRNs to cytoskeleton to maintain cell morphology. TRN2 

interacting protein AtFLOTs might be such candidates because human FLOT homo- 

and hetero-oligomers are anchored to the actin cytoskeleton via interaction with 

vinexin family members (Kimura et al., 2001). Alternatively, the helical phenotype of 

trns might be a dose effect caused by the down-regulation of a number of 

microtubule genes through TRNs-dependent signaling pathway as revealed by the 

transcriptome analysis.  

Only few TRN1 and TRN2 interacting proteins were identified by using GS and GFP 

tags, respectively. A new tag GSgreen has been fused with TRN2 and its 

endogenous full length promoter into the expression vector pH8m34GW-FAST to 

generate the pTRN2:: TRN2-GSgreen construct to refine the purification in seedlings 

(Bontinck et al., unpublished data. In GSgreen tag, IgG are replaced by GFP, 

allowing localization analysis of the bait, ChIP and single step purification. GFP and 

SBP are separated by rhinovirus 3C protease). Two purifications with a highly 

sensitive mass spectrometry identified the interacting proteins of TRN2: FLOT1 and 

FLOT2 with high protein score. The interaction between tetraspanins and their 

interacting proteins are highly stoichiometric (Yauch et al., 1998). This higher score of 

FLOTs than the bait protein itself suggests multiple FLOTs can interact with a single 

TRN2. This is supported by the presence of multiple predicted palmitoylation sites in 

TRN2 juxtamembrane regions. The other reason could be the differences in the 

quantification caused by the ionization efficiency during mass spectrometry. In 

human, there are only two FLOTs that form homo- or hetero-oligomers while there 

are three in Arabidopsis, suggesting a different oligomerization mechanism. AtFLOT3 

has lower similarity to AtFLOT1 and AtFLOT2 than that between AtFLOT1 and 

AtFLOT2. AtFLOT1 was identified from detergent-resistant membranes (DRMs) 

(Neumann-Giesen et al., 2004), that are membrane rafts, a kind of specific plasma 

membrane microdomains that facilitate cellular trafficking and participate in clathrin-

independent endocytosis and signaling (Morrow et al., 2002). Recently, a role for 

AtFLOT1 in clathrin-independent endocytosis has been demonstrated (Li et al., 2012). 

In atflot1 knock down mutants, cell division was defective in seedling, the number of 

cells was reduced at SAM and RAM and cells vacuolated rapidly, resulting in dwarf 
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seedlings (Li et al., 2012). Additionally, the SAM showed a flat shape rather than 

dome shape, which resembles the wus mutant (Laux et al., 1996), suggesting cell 

differentiation occurred earlier and more quickly. A reduced cell proliferation 

phenotype was observed in human breast cancer cells: upon silencing FLOT1, G1/S 

phase transition was prevented (Lin et al., 2011). Interestingly, the phenotype was 

correlated with the transcriptional change of a series of cell cycle genes through up-

regulation of the transcription factor FOXO3a, which has been found to be able to up-

regulate the CDK inhibitors p21Cip1 and p27Kip1 and down-regulate the CDK regulator 

cyclin D1 (Huang & Tindall, 2007). Indeed, p21Cip1 and p27Kip1 were up-regulated and 

CDK regulator cyclin D1 was down-regulated (Lin et al., 2011). The similar 

phenotypes between trn2, atflot1 and human flot1 suggest that TRN2 might interact 

with AtFLOTs homo- or hetero-oligomers to recruit other proteins in their 

microdomains to regulate cell cycle process through clathrin-independent 

endocytosis.  

In some mammalian tetraspanins, the intracellular juxtamembrane cysteines are 

palmitoylated and these palmitoylation sites contribute to their interaction (Charrin et 

al., 2002; Yang et al., 2002). These cysteines are conserved in nearly all 

tetraspanins. TRN2 is also predicted to have these cysteines (Boavida et al., 2013). 

Human FLOTs are membrane associated proteins, but they do not have 

transmembrane domains. Instead, they also have palmitoylation sites at the N-

terminal regions, allowing them to associate with the membrane (Morrow et al., 2002; 

Neumann-Giesen et al., 2004). Although the palmitoylation sites in AtFLOTs have not 

been experimentally verified, the sequence alignment between human FLOTs and 

AtFLOTs might help to predict the palmitoylation sites and support the hypothesis that 

TRN2 might interact with AtFLOTs.  
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Figure 7. Model of TRNs signaling pathways.  

TRNs regulate plant development and defense response through different signaling 

pathways. TRN2 interacts with FLOTs dimers in the microdomain at the plasma 

membrane. The signal is transmitted through endocytosis to the nucleus. TRN1 might 

be a component in the cytoplasm and participate in the signaling transmission. A few 

downstream signaling pathways are activated or repressed. TRNs negatively 

regulate hormone response, especially JA synthesis and signaling that function in 

repressing cell cycle. TRN2 regulates cell cycle directly or indirectly via some of the 

transcription factors to promote development. The activated microtubule response 

regulates microtubule-based movement to maintain cell and organ morphology and 

cell cycle. Alternatively, TRNs might interact with microtubules directly to regulate M 

phase. The cell wall is shown in single green line; plasma membrane in double blue 

line; TRN2-FLOTs microdomain in orange. The N-terminal of FLOT1 and FLOT2 are 

anchored into the plasma membrane without traversing it. For the simplicity, only the 

FLOT1-FLOT2 heterodimer is shown in the scheme and it is positioned at the N-

terminal of TRN2, however, the interaction could form via other palmitoylated 

intracellular juxtamembrane cysteines of TRN2. Microtubules are in thin blue lines 
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underneath plasma membrane. Other unidentified putative interacting proteins are 

shown in grey. TFs, transcription factors; MT, microtubule; CK, Cytokinin; ET, 

ethylene; ABA, Abscisic acid; SA, Salicylic acid; JA, Jasmonic acid.  

 

 

5.4 MATERIALS AND METHODS  

Plant Materials and Growth Conditions  

The mutant lines trn1-5 (GABI-Kat: 292G08) and trn2-7 (GABI-Kat: 254G01) were 

obtained from Arabidopsis GABI-Kat (http://www.gabi-kat.de/). The presence of the T-

DNA was confirmed by PCR with T-DNA-specific and gene-specific primers 

(Supplemental Table 4). aos (N6149, At5g42650) and coi1-1 were kindly provided by 

Prof. Godelieve Gheysen and Prof. Alain Goossens, respectively. aos is a T-DNA 

insertion knock-out mutant (Park et al., 2002). coi1-1 is a single nucleotide mutation 

that converted codon 467 (W) into a translation stop codon (Xie et al., 1998). This 

single nucleotide mutation also changed the Xcm I cleavage site CCA-9N-TGG to 

CCA-9N-TGA. For coi1-1 genotyping, a 1.5 kb PCR product was first amplified from 

genomic DNA. Then the PCR product was digested with Xcm I, the PCR product 

from wild-type DNA was cut into 1 kb and 0.5 kb fragments but the product from 

homozygous DNA was not.  

The transgenic lines used for Western blot, TAP and GFP-based pull-down are: 35S:: 

GS-TRN1 (PKNmTAP-TRN1, #7470, in trn1-2, A-1-3 or A-1-8; 1 insertion locus, 

phenotype complemented, T3 generation, homozygous), 35S:: TRN2-GFP (TRN2-

GN in trn2-4, D-40-7; 1 insertion locus, phenotype complemented, T3 generation, 

homozygous).  

Seeds were germinated on Murashige and Skoog medium supplemented with 1% 

(w/v) sucrose, 0.8% (w/v) agarose, pH 5.7. Seeds on plates were vernalized at 4 °C 

in the darkness for 2 nights and germinated at 21°C under a 16 h light regime.  

 

Quantitative Real-time PCR (qRT-PCR) Analysis  

Total RNA was prepared with the RNeasy kit (QIAGEN). One µg RNA was used as 

template to synthesize cDNA with the iScript cDNA synthesis Kit (Bio-Rad). The 

expression level was analyzed on a LightCycler 480 apparatus (Roche) with SYBR 

Green and all reactions were performed in three technical replicates. Expression 

levels were normalized to reference genes PP2A and UBC. 
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Microarray Analysis  

trn1-2, trn2-4 and wild-type WS seeds were sown on 1/2MS medium, vernalized for 

one night and germinated at 21°C under a 16 h light regime for 11 to 13 days (stage 

1.03) (Boyes et al., 2001) until leaves 3 & 4 were visible and leaves 1 & 2 were fully 

expanded in order to distinguish homozygous mutants from heterozygous or wild-

type seedlings. The harvesting started around 10A.M. and only took half hour. The 

cotyledons were cut off, only the upper vegetative parts were harvested. Total RNA 

was extracted with the RNeasy Plant Mini Kit (Qiagen) and the samples were 

analyzed at the VIB MicroArrays Facility (Nucleomics Core, Leuven, Belgium) with 

the Agilent tiling array V4, a loop design with 4 biological replicates corresponding to 

4 pools of 50 to 80 trn plants, and 3 genotypes was proposed, so a total of 6 

hybridizations was required. To visualize over-represented Gene Ontology (GO) 

categories, common up-regulated and down-regulated data sets were analyzed with 

BiNGO (Biology Networks Gene Ontology) (Maere et al., 2005).  

 

Generation of Expression Vectors and Plant Transformation  

TRN1 open reading frame sequences were amplified with primers listed in 

Supplemental Table 4 

and cloned into the entry vectors using BP clonase (Invitrogen) to generate the entry 

clone (Hartley et al., 2000). The expression clones were constructed by LR clonase 

(Invitrogen) with the entry clone and the destination vector pB7RWG2 (35S:: TRN1-

RFP), pB7WGR2 (35S:: RFP-TRN1), pKCTAP (35S:: TRN1-GS), pKNGSTAP (35S:: 

GS-TRN1) (Bürckstümmer et al., 2006; Karimi et al., 2007; Van Leene et al., 2007; 

Van Leene et al., 2008). 35S:: TRN2-GFP and 35S:: GFP-TRN2 were previously 

generated in the group. The positive plasmids were transferred into Agrobacterium 

tumefaciens pMP90 cells. 35S:: TRN1-RFP, 35S:: RFP-TRN1, 35S:: TRN1-GS and 

35S:: GS-TRN1 were transferred into trn1-2 (Ws) heterozygous plants. 35S:: TRN2-

GFP and 35S:: GFP-TRN2 were previously transferred into trn2-4 (Col-0) 

heterozygous plants in the group. Plant transformation was done by floral dip 

transformation. 25 mg transgenic seeds of the T1 generation was used for high 

density plating. The resistant seedlings were transferred into soil for T2 generation 

seed harvest. The number of T-DNA loci was analyzed in 6 to 10 T2 populations per 

construct after germination on kanamycin or DL-Phosphinothricin. The 

complementation was analyzed with the lines containing one T-DNA insertion locus in 
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T2 after germination on growth medium without antibiotics.  

 

Confocal Microscopy Imaging  

The confocal images were taken with an Olympus Fluo View FV1000 microscope or 

Zeiss LSM5 Exiter confocal. The fluorescence was detected after a 488 nm (GFP), 

543 nm (RFP) and 514 nm (FM4-64) excitation and an emission of 495-520 nm for 

GFP, 590-620 nm for RFP and 600-700 nm for FM4-64. The seedlings were 

incubated with 2 µM FM4-64 for 5 min in liquid half MS medium on ice, washed out 

three times on ice and mounted on the microscopy slide with the same medium.  

 

Western Blot  

Plant materials (30-40 mg) of 6 day-old in liquid 1/2 MS medium growing at 85 rpm 

under 16h-light/8h-dark condition or 14 day-old on MS medium under 16h-light/8h-

dark condition were ground to homogeneity in liquid nitrogen. For GS-TRN1, 30 µl of 

extraction buffer (25 mM Tris-HCl pH7.6, 15 mM MgCl2, 150 mM NaCl, 15 mM p-

Nitrophenyl phospate, 60mM β-glycerophosphate, 0.1% NP-40, 0.1 mM Na3VO4, 1 

mM NaF, 1 mM PMSF, 1 μM E64, EDTA-free Ultra complete tablet Easypack (1/10 

mL) (Roche Diagnostics, Brussels, Belgium), 5% Ethylene glycol) was added and 

homogenized by vortex for 1 min. The samples were flash frozen in liquid nitrogen, 

thawed on ice, homogenized again by vortex for 1 min and centrifuged twice for 15 

min at 14000rpm at 4°C, each time the supernatants were kept and transferred into 

pre-cooled new eppendorf tubes. For TRN2-GFP, DDM and digitonin were dissolved 

in A-buffer (25 mM Tris-HCl pH7.6, 15 mM MgCl2, 150 mM NaCl, 15 mM p-

Nitrophenyl phospate, 60 mM β-glycerophosphate, 0.1 mM Na3VO4, 1 mM NaF, 5% 

Ethylene glycol) to make 4% and 5% stock solution, respectively. To avoid foaming, 

24 µl of 40/50 buffer (25 mM Tris-HCl pH7.6, 15 mM MgCl2, 150 mM NaCl, 15 mM p-

Nitrophenyl phospate, 60 mM β-glycerophosphate, 0.1 mM Na3VO4, 1 mM NaF, 1 

mM PMSF, EDTA-free Ultra complete tablet Easypack (1/50 mL) (Roche 

Diagnostics, Brussels, Belgium), 1 μM E64, 5% Ethylene glycol) was added to the 

ground plant materials for homogenization as described above. Then 6 µl of the stock 

solution was added to the double homogenized samples and mixed gently by 

pipetting. The samples were incubated for 1 h at 4°C on a rotating wheel before 

centrifugation as described above. Protein concentration was determined by Bradford 

assay (Bio-rad, Hercules, CA). Protein samples were denatured in Laemmli buffer for 
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10 min at 95°C on a heating block before sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Fifty µg of total protein extract was resolved by SDS-

PAGE on 0.75 mm 12% Mini-PROTEAN® TGXTM precast gels (Bio-Rad, Hercules, 

CA) for 20 min at 300 V, 400 mA in 1xTGX running buffer. Resolved proteins were 

transferred to PVDF membrane using Trans-Blot® TurboTM Mini PVDF transfer packs 

and the Trans-Blot® TurboTM Transfer system (Bio-rad, Hercules, CA). Blotted PVDF 

membrane was incubated in blocking solution (3% skim milk (w/v) in TBST buffer (50 

mM Tris, 150 mM NaCl pH8.0, 0.1% Triton X-100)) overnight at 4°C shaking slowly 

on an orbital shaker, followed by incubating the membrane with antiPAP (peroxidase-

anti-peroxidase, for GS tag) or antiGFP antibodies in blocking solution for 1 h at room 

temperature shaking slowly on an orbital shaker. Membrane was washed 1 x 15 min 

and 3 x 5 min with TBST buffer. For GFP tag, membrane was incubated with a 

secondary antibody in blocking solution for 1 h at room temperature shaking slowly 

on an orbital shaker, followed by the same washing procedures. Bound antibodies 

were detected by mixing equal volume of oxidizing reagent and enhanced luminol 

reagent (Perkinelmer, Waltham, MA), incubating for 1 min and dried with tissues. 

Membrane was placed in a film cassette and exposed to an Amersham hyperfilm™ 

ECL film (GE Healthcare, Wauwatosa, WI) in a dark room, where autoradiograms 

were also developed.  

 

TRN1 Tandem Affinity Purification and LC-MS/MS Analysis  

Sterilized seeds were germinated in liquid medium (2.15 g/L Murashige and Skoog 

basal salt mixture (MS), 10 g/L sucrose, 0.5 g/l MES, 0. 1 g/L myo-inositol) in shake 

flasks under a short day regime (8 h light/16 h dark). After 6 days, seedlings were 

harvested, frozen in liquid nitrogen and stored at −80°C. Total protein extract 

preparation, tandem affinity purification and LC-MS/MS analysis was performed as 

before (Van Leene et al., in press), with some minor adaptations. Briefly, 50 g of 

seedlings were ground in liquid nitrogen with a kitchen blender for 10 min and 100 ml 

of ice-cold extraction buffer complemented with 0.1% benzonase was added. The 

extract was incubated for 30 min at 4°C. After two centrifugation steps of 20 min at 

36,900 g at 4°C, the extract was filtered through a double layer of Miracloth. Protein 

concentration was determined via the Bradford protein assay (BIORAD). The whole 

protein extract was loaded on 250 μL IgG Sepharose beads in a polyprep column 

with a peristaltic pump at a flow rate of 1 mL/min. After washing the column with 37.5 
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mL wash buffer, the IgG beads were transferred to a 1.5 mL Protein LoBind tube. 

100U TEV protease was added and the beads were incubated for 1 h at 4°C on a 

tube rotator. After 30 min, an additional 100U protease was added. The mixture was 

transferred to a Mobicol column and the eluate collected in a 2-mL Protein LoBind 

tube. The beads were washed two times with 500 μL wash buffer, this was added to 

the eluate. The pooled eluate (2 mL) was incubated on 100 μL equilibrated 

Streptavidin beads for 1 h at 4°C on a tube rotator in the 5-mL tube. The mixture was 

transferred to a polyprep chromatography column and washed with 10 mL wash 

buffer on a vacuum manifold system. 1 mL Streptavidin elution buffer was applied to 

the polyprep column for 5 min and the eluate was slowly collected by gravity in a 1.5-

mL Protein LoBind tube. Per 1-mL Streptavidin eluate, 333 μL trichloroacetic acid 

was added to obtain a final concentration of 25%. The proteins were precipitated by 

incubating the mixture overnight ice. Precipitated proteins were centrifuged down at 

20,800 g in a microfuge for 15 min at 4°C. The supernatant was removed carefully 

and the pellet was washed twice with 500 μL ice-cold HCl/acetone solution. 

Precipitated proteins were centrifuged down at 20,800 g in a microfuge for 15 min at 

4°C. The supernatant was removed and the pellet air-dried. The pellet was dissolved 

in 30 μl 1× NuPAGE Sample Buffer, heated for 10 min at 70°C and separated in a 

short run of 7 min on a 4%–12% gradient NuPAGE gel (Invitrogen). Proteins were 

visualized with colloidal Coomassie Brilliant Blue staining. A broad zone, containing 

all eluted proteins, was cut from the protein gel, sliced into 24 gel plugs, and 

processed and digested with trypsin as one sample. LC-MS/MS runs on LTQ Orbitrap 

Velos, and peak list generation and submission for protein homology-based 

identification on the TAIRplus database were done as described in Van Leene et al., 

in press. A list of background proteins was assembled by combining background 

proteins our previous background list (Van Leene et al., 2010) and background 

proteins from control GS purifications on mock, GFP-GS, and GUS-GS cell culture 

and seedlings extracts, identified with LTQ Orbitrap VELOS. To obtain the final list of 

interactors, this background list was subtracted from the list of identified proteins.  

 

TRN2 GFP-Based Pull-Down and LC-MS/MS Analysis 

Sterilized seeds were germinated in liquid medium (2.15 g/L Murashige and Skoog 

basal salt mixture (MS), 10 g/L sucrose, 0.5 g/L MES, 0. 1 g/L myo-inositol) in shake 

flasks under a short day regime (8 h light/16 h dark). After 10 days, seedlings were 
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harvested, frozen in liquid nitrogen and stored at −80°C. Total protein extract 

preparation was performed as before (Van Leene et al., 2010), with some minor 

adaptations. Briefly, 15 g of seedlings were grinded in liquid nitrogen in a blender and 

30 ml of extraction buffer complemented with 0.1% benzonase and 1% DDM or 1% 

digitonin was added. The extract was incubated for 30 min at 4°C. After two 

centrifugation steps of 20 min at 36,900 g, the extract was filtered through a double 

layer of Miracloth. Protein concentration was determined via the Bradford protein 

assay (BIORAD). 100 mg protein was incubated with 30 μl effective, pre-equilibrated 

GFP-Trap_A agarose beads (Chromotek) for 1 h, gently rotating at 4°C. The unbound 

fraction was removed from the beads after a centrifugation at 450 g for 5 min at 4°C. 

Beads were transferred to a Mobicol column and washed with 6 ml wash buffer 

containing 0.2% DDM. The bound fraction was eluted with 40 μl 1xNuPAGE 

(Invitrogen) sample buffer at 70°C with regular mixing. Eluted proteins were 

precipitated by adding 9 volumes of ice-cold EtOH and overnight incubation at 

−70°C. Precipitated proteins were centrifuged at 13,000 g for 20 min at 4°C. EtOH 

was removed and the pellet air-dried. The pellet was dissolved in 30 μl 1× NuPAGE 

Sample Buffer, heated for 10 min at 70°C and separated in a short run of 7 min on a 

4%–12% gradient NuPAGE gel (Invitrogen). Proteins were visualized with colloidal 

Coomassie Brilliant Blue staining. A broad zone, containing all eluted proteins, was 

cut from the protein gel, sliced into 24 gel plugs, and processed and digested with 

trypsin as one sample. LC-MS/MS runs on LTQ Orbitrap Velos, and peak list 

generation and submission for protein homology-based identification on the TAIRplus 

database were done as described in Van Leene et al., in press. A list of nonspecific 

background proteins was assembled by combining background proteins from control 

GFP pull downs on mock, GFP and GUS-GFP cell culture and seedlings extracts, 

with our previous background list (Van Leene et al., 2010) and background proteins 

from control GS purifications on mock, GFP-GS, and GUS-GS cell culture and 

seedlings extracts, identified with LTQ Orbitrap VELOS. To obtain the final list of 

interactors, this background list was subtracted from the list of identified proteins.  
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SUPPLEMENTAL DATA  

Supplemental Table 1. 58 GO categories in common down-regulated genes.  

Biological processes P-value 
Cluster  
frequency 

Total  
frequency 

regulation of cell cycle 3.02E-09 21d/618c 111b/22304a 

microtubule-based process 1.51E-07 18/618 101/22304 

microtubule-based movement 7.25E-07 12/618 45/22304 

cell cycle process 1.58E-06 18/618 122/22304 

cell cycle 1.58E-06 20/618 152/22304 

cytokinesis 2.02E-05 10/618 41/22304 

organelle organization 9.36E-05 36/618 526/22304 

anatomical structure formation involved 
in morphogenesis 

1.07E-04 14/618 103/22304 

phyllome development 1.07E-04 21/618 222/22304 

shoot development 1.07E-04 25/618 300/22304 

shoot system development 1.24E-04 25/618 304/22304 

leaf development 2.78E-04 19/618 201/22304 

DNA conformation change 3.18E-04 12/618 87/22304 

organ development 3.18E-04 42/618 719/22304 

system development 3.18E-04 42/618 720/22304 

DNA packaging 3.18E-04 10/618 60/22304 

chromosome organization 3.73E-04 19/618 210/22304 

phragmoplast assembly 3.97E-04 4/618 6/22304 

assembly of actomyosin apparatus 
involved in cell cycle cytokinesis 

3.97E-04 4/618 6/22304 

actomyosin structure organization 3.97E-04 4/618 6/22304 

cytokinesis by cell plate formation 3.97E-04 6/618 19/22304 

cell cycle cytokinesis 9.71E-04 6/618 22/22304 

cellular component organization 1.34E-03 48/618 935/22304 

cell division 1.60E-03 10/618 75/22304 

DNA metabolic process 2.36E-03 22/618 311/22304 

multicellular organismal development 3.36E-03 72/618 1655/22304 

cellular component assembly 4.02E-03 19/618 258/22304 

nucleosome assembly 4.19E-03 8/618 55/22304 

nucleosome organization 4.19E-03 8/618 55/22304 

anatomical structure development 4.88E-03 62/618 1392/22304 

chromatin assembly 5.06E-03 8/618 57/22304 

chromatin assembly or disassembly 5.38E-03 9/618 73/22304 

protein-DNA complex assembly 5.39E-03 8/618 58/22304 

multicellular organismal process 6.00E-03 73/618 1732/22304 

cell cycle phase 6.05E-03 9/618 75/22304 

M phase 7.91E-03 8/618 62/22304 

cytokinetic process 8.59E-03 4/618 13/22304 

developmental process 8.59E-03 75/618 1820/22304 

shoot morphogenesis 1.08E-02 13/618 157/22304 

chromatin organization 1.26E-02 13/618 160/22304 
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nucleic acid metabolic process 1.48E-02 41/618 866/22304 

cellularization 1.54E-02 3/618 7/22304 

stomatal complex development 1.72E-02 5/618 27/22304 

reciprocal meiotic recombination 1.75E-02 4/618 16/22304 

regionalization 2.32E-02 9/618 93/22304 

regulation of biological process 2.54E-02 103/618 2783/22304 

anatomical structure morphogenesis 2.54E-02 27/618 515/22304 

meiosis I 2.54E-02 5/618 30/22304 

organ morphogenesis 2.74E-02 13/618 178/22304 

meiotic cell cycle 2.74E-02 7/618 61/22304 

cytoskeleton organization 2.76E-02 9/618 97/22304 

regulation of development, heterochronic 3.65E-02 5/618 33/22304 

shoot formation 3.82E-02 3/618 10/22304 

secondary shoot formation 3.82E-02 3/618 10/22304 

chromosome condensation 3.82E-02 2/618 3/22304 

spindle assembly 3.82E-02 2/618 3/22304 

anther development 3.82E-02 5/618 34/22304 

floral organ formation 3.92E-02 4/618 21/22304 

a, total number of annotated genes in BiNGO. b, total number of genes in the 

process defined by BiNGO. c, number of down-regulated genes used by BiNGO to 

make the entire biological process. d, number of down-regulated genes in the 

process.  

 

 

Supplemental Table 2. 74 GO categories in common up-regulated genes.  

Biological processes  P-value Cluster  
frequency 

Total  
frequency 

response to stimulus 2.63E-21 182d/601c  3207b/22304a  

response to chemical stimulus 1.17E-20 121/601  1710/22304  

response to organic substance 1.07E-16 83/601  1037/22304  

response to endogenous stimulus 2.10E-14 69/601  835/22304  

response to stress 1.79E-12 108/601  1853/22304  

response to other organism 4.68E-09 44/601  528/22304  

response to biotic stimulus 4.68E-09 45/601  550/22304  

response to hormone stimulus 1.32E-08 54/601  767/22304  

defense response 1.37E-08 48/601  637/22304  

response to jasmonic acid stimulus 4.11E-08 21/601  148/22304  

multi-organism process 5.46E-07 47/601  694/22304  

response to fungus 1.50E-05 18/601  156/22304  

response to water 2.27E-05 20/601  196/22304  

oxylipin metabolic process 3.82E-05 8/601  29/22304  

response to water deprivation 4.44E-05 19/601  188/22304  

jasmonic acid metabolic process 8.12E-05 7/601  23/22304  

response to auxin stimulus 4.16E-04 22/601  282/22304  
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jasmonic acid biosynthetic process 4.51E-04 6/601  20/22304  

response to abiotic stimulus 9.08E-04 56/601  1168/22304  

response to cold 1.23E-03 19/601  241/22304  

oxylipin biosynthetic process 1.23E-03 6/601  24/22304  

response to wounding 2.27E-03 13/601  133/22304  

defense response to fungus 2.59E-03 12/601  117/22304  

response to chitin 3.71E-03 11/601  104/22304  

response to osmotic stress 4.77E-03 24/601  388/22304  

response to salt stress 1.01E-02 22/601  360/22304  

cellular response to chemical stimulus 1.01E-02 22/601  361/22304  

response to oxidative stress 1.14E-02 17/601  247/22304  

response to abscisic acid stimulus 1.21E-02 18/601  272/22304  

cellular amino acid derivative metabolic process 1.34E-02 16/601  231/22304  

cellular response to endogenous stimulus 1.34E-02 17/601  254/22304  
jasmonic acid mediated signaling pathway 1.34E-02 6/601  39/22304  
cellular response to jasmonic acid stimulus 1.34E-02 6/601  39/22304  

secondary metabolic process 1.54E-02 20/601  330/22304  

cellular response to boron levels 1.54E-02 2/601  2/22304  

response to boron 1.54E-02 2/601  2/22304  

cellular response to stimulus 1.54E-02 35/601  729/22304  

cellular amino acid derivative biosynthetic process 1.54E-02 13/601  171/22304  

response to inorganic substance 1.54E-02 24/601  434/22304  

cellular response to cold 1.91E-02 3/601  8/22304  

aging 3.11E-02 8/601  82/22304  

response to temperature stimulus 3.49E-02 20/601  359/22304  

cytokinin biosynthetic process 3.65E-02 3/601  10/22304  

response to herbivore 3.65E-02 2/601  3/22304  

arsenite transport 3.65E-02 2/601  3/22304  

cold acclimation 3.65E-02 4/601  21/22304  

monocarboxylic acid metabolic process 3.91E-02 17/601  290/22304  
cellular response to external stimulus 3.91E-02 10/601  128/22304  

cellular response to extracellular stimulus 3.91E-02 10/601  128/22304  

ethylene metabolic process 3.94E-02 4/601  22/22304  

ethylene biosynthetic process 3.94E-02 4/601  22/22304  

carboxylic acid metabolic process 4.10E-02 29/601  620/22304  

oxoacid metabolic process 4.10E-02 29/601  620/22304  

alkene biosynthetic process 4.10E-02 4/601  23/22304  

cellular alkene metabolic process 4.10E-02 4/601  23/22304  

cellular response to organic substance 4.10E-02 18/601  323/22304  

organic acid metabolic process 4.10E-02 29/601  621/22304  

response to carbohydrate stimulus 4.10E-02 12/601  177/22304  

small molecule biosynthetic process 4.10E-02 29/601  622/22304  

response to metal ion 4.10E-02 19/601  350/22304  

response to cytokinin stimulus 4.10E-02 7/601  72/22304  

response to salicylic acid stimulus 4.55E-02 10/601  135/22304  

cytokinin mediated signaling pathway 4.56E-02 5/601  39/22304  

cellular response to cytokinin stimulus 4.56E-02 5/601  39/22304  



 

 

147 Tetraspanin1/tornado2 and tornado1 transcriptomic and proteomic networks 

cellular ketone metabolic process 4.56E-02 29/601  630/22304  

lipid transport 4.63E-02 10/601  137/22304  

nicotianamine biosynthetic process 4.63E-02 2/601  4/22304  

nicotianamine metabolic process 4.63E-02 2/601  4/22304  

boron transport 4.63E-02 2/601  4/22304  

glycolipid transport 4.63E-02 2/601  4/22304  

lipid metabolic process 4.63E-02 27/601  578/22304  

innate immune response 4.69E-02 15/601  257/22304  

response to nematode 4.89E-02 6/601  58/22304  

response to extracellular stimulus 4.93E-02 10/601  140/22304  

a, total number of annotated genes in BiNGO. b, total number of genes in the 

process defined by BiNGO. c, number of up-regulated genes used by BiNGO to 

make the entire biological process. d, number of up-regulated genes in the process.  
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Supplemental Table 3. Protein identification details. Obtained with the LTQ Orbitrap Velos (Thermo Fisher Scientific) and 

Mascot Distiller software (version 2.5, Matrix Science) combined with the Mascot search engine (version 2.4, Matrix Science) using 

the Mascot Daemon interface (Matrix Science) and database TAIR10plus. pep_exp_mr: experimental relative molecular mass; 

pep_calc_mr: calculated relative molecular mass; pep_delta: difference (error) between the experimental and calculated masses; 

pep_start: peptide start position in protein; pep_end: peptide end position in protein; pep_miss: number of missed enzyme cleavage 

sites; pep_score: peptide ions score; pep_expect: expectation value for the peptide match (The number of times we would expect to 

obtain an equal or higher score, purely by chance. The lower this value, the more significant the result); pep_seq: peptide sequence.  

 

Experiment 8, DDM  

pep_exp_mr pep_calc_mr pep_delta pep_start pep_end pep_miss pep_score pep_expect pep_seq 

T
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/T
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: 
4
4
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798.4976 798.4963 0.0013 217 224 0 49.56 0.00015 AGLLANIK 

1093.5062 1093.5040 0.0022 254 262 0 62.97 0.000025 NAETEDIFR 

1792.8424 1792.8448 -0.0024 136 150 0 101.59 3.8E-09 TCLSTTTICPELNQR 

1806.8606 1806.8604 0.0002 136 150 0 85.72 1.5E-07 TCLSTTTICPELNQR 

1846.8890 1846.8890 0 108 122 0 86.45 1.3E-07 AYLEYSLQDFSGWLR 

1846.8902 1846.8890 0.0012 108 122 0 104.77 1.9E-09 AYLEYSLQDFSGWLR 

2002.9886 2002.9901 -0.0015 108 123 1 46.26 0.0014 AYLEYSLQDFSGWLRR 

2907.3671 2907.3684 -0.0013 151 175 1 87.68 7.2E-08 YTLAQDFFNAHLDPIQSGCCKPPTK 

2907.3684 2907.3684 0.0001 151 175 1 83.44 1.9E-07 YTLAQDFFNAHLDPIQSGCCKPPTK 
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1
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1015.5669 1015.5662 0.0007 195 204 0 58.09 0.000092 TGLTLQNAAK 

1049.5388 1049.5393 -0.0005 323 331 0 58.58 0.000078 QAEAVLYEK 

1070.5025 1070.5033 -0.0008 340 349 0 74.18 1.1E-06 AQADAAFYSK 

1173.5883 1173.5877 0.0006 275 284 0 62.91 0.000032 EAELQTQVEK 

1377.6784 1377.6776 0.0008 71 82 0 108.58 9.2E-10 VDDDDALILYAR 

1392.6671 1392.6673 -0.0003 310 320 0 76.59 1.4E-06 VQEANWELYNK 

1468.7300 1468.7305 -0.0005 108 120 0 98.79 7.3E-09 VLAASMTMEEIFK 

1484.7253 1484.7255 -0.0002 108 120 0 59.02 0.000067 VLAASMTMEEIFK 

1525.9013 1525.9021 -0.0008 57 70 0 61.97 5.6E-06 LPFVLPAVFTIGPR 

1525.9021 1525.9021 0 57 70 0 80.06 8.3E-08 LPFVLPAVFTIGPR 

1648.8673 1648.8672 0.0002 7 22 0 99.22 6.5E-09 ASQYLAITGAGIEDIK 

1666.7977 1666.7985 -0.0007 369 382 0 98.37 8.5E-09 TLLDAVQNDYSCLR 

1747.9100 1747.9104 -0.0004 352 368 0 86.9 1.3E-07 EAEGLVALASAQGTYLR 

1748.9137 1747.9104 1.0033 352 368 0 56.29 0.00013 EAEGLVALASAQGTYLR 
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1767.8857 1767.8865 -0.0008 383 397 0 121.6 4.4E-11 DFLMINNGIYQEIAK 

1783.8801 1783.8814 -0.0013 383 397 0 111.5 4.4E-10 DFLMINNGIYQEIAK 

1884.8553 1884.8537 0.0016 410 428 0 45.36 0.0011 ISVWNHGGEQGGGSGNAMK 

1900.8486 1900.8486 0 410 428 0 85.47 9.6E-08 ISVWNHGGEQGGGSGNAMK 

1900.8494 1900.8486 0.0007 410 428 0 71.32 2.4E-06 ISVWNHGGEQGGGSGNAMK 

1978.9781 1978.9789 -0.0008 151 167 0 90.28 6E-08 QLVDVPGHEYFSYLGQK 

2018.9630 2018.9657 -0.0027 90 107 0 92.34 3.3E-08 DSNHVHELVEGVIEGETR 

F
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: 
7
4

7
 

1015.5669 1015.5662 0.0007 195 204 0 58.09 0.000092 TGLTLQNAAK 

1049.5388 1049.5393 -0.0005 323 331 0 58.58 0.000078 QAEAVLYEK 

1101.4973 1101.4978 -0.0005 340 349 0 53.39 0.000082 AEADATFYSK 

1173.5883 1173.5877 0.0006 275 284 0 62.91 0.000032 EAELQTQVEK 

1377.7169 1377.7140 0.0029 71 82 0 96.48 1.3E-08 VDDTEALILYAR 

1392.6671 1392.6673 -0.0003 310 320 0 76.59 1.4E-06 VQEANWELYNK 

1468.7300 1468.7305 -0.0005 108 120 0 98.79 7.3E-09 VLAASMTMEEIFK 

1484.7253 1484.7255 -0.0002 108 120 0 59.02 0.000067 VLAASMTMEEIFK 

1525.9013 1525.9021 -0.0008 57 70 0 61.97 5.6E-06 LPFVLPAVFTIGPR 

1525.9021 1525.9021 0 57 70 0 80.06 8.3E-08 LPFVLPAVFTIGPR 

1648.8673 1648.8672 0.0002 7 22 0 52.38 0.00031 ASQYLAITGGGIEDIK 

1666.7977 1666.7985 -0.0007 369 382 0 98.37 8.5E-09 TLLDAVQNDYSCLR 

1675.7905 1675.7916 -0.0011 35 48 0 54.4 0.00019 CTVFDVSPVNYTFK 

1747.9100 1747.9104 -0.0004 352 368 0 86.9 1.3E-07 EAEGLVALASAQGTYLR 

1748.9137 1747.9104 1.0033 352 368 0 56.29 0.00013 EAEGLVALASAQGTYLR 

1755.8486 1755.8501 -0.0015 383 397 0 95.61 1.7E-08 DFLMINNGTYQEIAK 

1978.9781 1978.9789 -0.0008 151 167 0 90.28 6E-08 QLVDVPGHEYFSYLGQK 

2008.9817 2008.9814 0.0003 90 107 0 71.9 0.000004 QSNHVNELVEGVIEGETR 

Experiment 9, DDM  
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798.4954 798.4963 -0.0009 217 224 0 53.52 0.00004 AGLLANIK 

1093.5030 1093.5040 -0.001 254 262 0 63.68 0.000017 NAETEDIFR 

1107.5187 1107.5196 -0.001 254 262 0 46.28 0.001 NAETEDIFR 

1792.8451 1792.8448 0.0003 136 150 0 101.59 3.8E-09 TCLSTTTICPELNQR 

1806.8597 1806.8604 -0.0007 136 150 0 88.92 7.5E-08 TCLSTTTICPELNQR 

1807.8648 1806.8604 1.0044 136 150 0 82.89 3.3E-07 TCLSTTTICPELNQR 

1846.8888 1846.8890 -0.0002 108 122 0 113.58 2.5E-10 AYLEYSLQDFSGWLR 

1846.8890 1846.8890 0 108 122 0 72.53 3.1E-06 AYLEYSLQDFSGWLR 

2907.3644 2907.3684 -0.0039 151 175 1 92.18 2.5E-08 YTLAQDFFNAHLDPIQSGCCKPPTK 

2908.3679 2907.3684 0.9995 151 175 1 43.08 0.0021 YTLAQDFFNAHLDPIQSGCCKPPTK 
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1015.5643 1015.5662 -0.0019 195 204 0 67.56 0.000014 TGLTLQNAAK 

1049.5363 1049.5393 -0.003 323 331 0 54.42 0.00019 QAEAVLYEK 

1070.5010 1070.5033 -0.0022 340 349 0 51.69 0.0002 AQADAAFYSK 

1159.5698 1159.5721 -0.0022 259 269 0 67.6 8.8E-06 DAQVAEVEATK 

1173.5855 1173.5877 -0.0022 275 284 0 62.7 0.000033 EAELQTQVEK 

1173.5857 1173.5877 -0.002 275 284 0 60.58 0.000051 EAELQTQVEK 

1377.6776 1377.6776 0 71 82 0 100.32 6.6E-09 VDDDDALILYAR 

1392.6674 1392.6673 0.0001 310 320 0 68.79 8.6E-06 VQEANWELYNK 

1468.7294 1468.7305 -0.0012 108 120 0 65.09 0.000017 VLAASMTMEEIFK 

1525.9028 1525.9021 0.0007 57 70 0 85.67 2.3E-08 LPFVLPAVFTIGPR 

1648.8667 1648.8672 -0.0005 7 22 0 76.96 1.1E-06 ASQYLAITGAGIEDIK 

1666.7977 1666.7985 -0.0008 369 382 0 94.34 2.2E-08 TLLDAVQNDYSCLR 

1747.9091 1747.9104 -0.0014 352 368 0 55.78 0.00017 EAEGLVALASAQGTYLR 

1747.9095 1747.9104 -0.0009 352 368 0 95.51 1.8E-08 EAEGLVALASAQGTYLR 

1767.8862 1767.8865 -0.0003 383 397 0 121.47 4.5E-11 DFLMINNGIYQEIAK 

1783.8784 1783.8814 -0.003 383 397 0 105.44 1.7E-09 DFLMINNGIYQEIAK 

1978.9764 1978.9789 -0.0025 151 167 0 101.66 4.3E-09 QLVDVPGHEYFSYLGQK 

1978.9779 1978.9789 -0.001 151 167 0 44.22 0.0024 QLVDVPGHEYFSYLGQK 

2018.9634 2018.9657 -0.0023 90 107 0 61.91 0.000037 DSNHVHELVEGVIEGETR 

2019.9631 2018.9657 0.9974 90 107 0 76.39 1.3E-06 DSNHVHELVEGVIEGETR 

F
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: 
7
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7
 

1015.5643 1015.5662 -0.0019 195 204 0 67.56 0.000014 TGLTLQNAAK 

1049.5363 1049.5393 -0.003 323 331 0 54.42 0.00019 QAEAVLYEK 

1173.5855 1173.5877 -0.0022 275 284 0 62.7 0.000033 EAELQTQVEK 

1173.5857 1173.5877 -0.002 275 284 0 60.58 0.000051 EAELQTQVEK 

1392.6674 1392.6673 0.0001 310 320 0 68.79 8.6E-06 VQEANWELYNK 

1468.7294 1468.7305 -0.0012 108 120 0 65.09 0.000017 VLAASMTMEEIFK 

1525.9028 1525.9021 0.0007 57 70 0 85.67 2.3E-08 LPFVLPAVFTIGPR 

1648.8667 1648.8672 -0.0005 7 22 0 46.08 0.0013 ASQYLAITGGGIEDIK 

1666.7977 1666.7985 -0.0008 369 382 0 94.34 2.2E-08 TLLDAVQNDYSCLR 

1675.7919 1675.7916 0.0003 35 48 0 54.87 0.00018 CTVFDVSPVNYTFK 

1747.9091 1747.9104 -0.0014 352 368 0 55.78 0.00017 EAEGLVALASAQGTYLR 

1747.9095 1747.9104 -0.0009 352 368 0 95.51 1.8E-08 EAEGLVALASAQGTYLR 

1755.8523 1755.8501 0.0022 383 397 0 74.97 1.9E-06 DFLMINNGTYQEIAK 

1978.9764 1978.9789 -0.0025 151 167 0 101.66 4.3E-09 QLVDVPGHEYFSYLGQK 

1978.9779 1978.9789 -0.001 151 167 0 44.22 0.0024 QLVDVPGHEYFSYLGQK 
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Supplemental Table 4. Primers used in the study.  

Primer Name Sequence (5'-3') Purpose 

trn1-5 LP GCAGGAAAGACAACACTCTGC genotyping PCR  

trn1-5 RP GAAGAGTCTGGACTGGAAGGG genotyping PCR 

trn2-7 LP CTTTTCCAGTTTTTGGTTCCC  genotyping PCR 

trn2-7 RP TTACCCTAAATCCCATCAAACC genotyping PCR 

GABI_o8409 ATATTGACCATCATACTCATTGC genotyping PCR 

aos F AACATATGCTCAAGGGATGGAGCTAAAAG genotyping PCR 

aos R CGAACATGTAGAGCAGCAACTGATTATACA genotyping PCR 

aos T-DNA R CGGGCCTAACTTTTGGTGTGATGATGCT genotyping PCR 

coi1-1 F GGTTCTCTTTAGTCTTTAC COI1 fragment 
amplification 

coi1-1 R CAGACAACTATTTCGTTACC COI1 fragment 
amplification 

AOS_qPCR_F1 TCATCAAGTTCATAACCGATTAGC qRT-PCR 

AOS_qPCR_R1 TCTACCGTATTGAGCCGTAAC qRT-PCR 

COI1_qPCR_F1 ACTTCCGCCTTGTCTTACTC qRT-PCR 

COI1_qPCR_R1 GCCGCCTTGTCTCAGATAG qRT-PCR 

qPP2A_F TAACGTGGCCAAAATGATGC qRT-PCR 

qPP2A_R GTTCTCCACAACCGCTTGGT qRT-PCR 

qUBC_F CTGCGACTCAGGGAATCTTCTAA qRT-PCR 

qUBC_R TTGTGCCATTGAATTGAACCC qRT-PCR 

TRN1 attB1F GGGGACAAGTTTGTACAAAAAAGCAGGCTCT
ATGGAGTCAGAGCCAGACCAAAG 

TRN1 cloning 

TRN1 attB2R GGGGACCACTTTGTACAAGAAAGCTGGGTCG
AGAGGAACTTGGATCACTTCATG 

TRN1 cloning 

TRN1 attB2Rstop GGGGACCACTTTGTACAAGAAAGCTGGGTCT
TAGAGAGGAACTTGGATCACTTCATG 

TRN1 cloning 

TRN1 attB2F GGGGACAGCTTTCTTGTACAAAGTGGGAATG
GAGTCAGAGCCAGACCAAAG 

TRN1 cloning 

TRN1 attB3Rstop GGGGACAACTTTGTATAATAAAGTTGTTTAGA
GAGGAACTTGGATCACTTCATG 

TRN1 cloning 
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CHAPTER 6  

GENERAL DISCUSSION AND PERSPECTIVES  

 

Animal and plant tetraspanins: differences and similarities  

Primary structure  

The degree of the overall primary structure identities is low between animal and plant 

tetraspanins and vary a lot even between paralogs. In human, closely related 

tetraspanins, i.e. Tspan5 and Tspan17, share up to 78% amino acid identity, distantly 

related ones as low as 6% (Berditchevski and Rubinstein, 2013). In Arabidopsis, the 

identities vary from 14% (TET10 and TET16) to 80% (TET3 and TET4) (Boavida et 

al., 2013). But some sequence features are similar between animal and plant 

tetraspanins. For instance, the transmembrane domains and the constant region of 

the large extracellular loop have higher identities in animal and plant tetraspanins, 

respectively. In the transmembrane domains, some polar residues that are involved 

in the packing of the transmembrane domains are conserved in animals (Stipp et al., 

2003). Plant tetraspanins also have some conserved polar residues in the 

transmembrane domains (Figure 1). A typical different-in-sequence but similar-in-

function feature is the very conserved CCG motif in the large extracellular loop of 

animal tetraspanins and the conserved GCCK/RP motif in plant tetraspanins (Figure 

1) (Cnops et al., 2006). The CCG motif forms two disulfide bridges with the other two 

conserved cysteines to stabilize the structure of the large extracellular loop and 

subsequently the interactions with the other proteins (Kitadokoro et al., 2001; 

Seigneuret et al., 2001). In plants, the GCCK/RP is considered to take over the 

function to mediate the formation of the disulfide bridges. Plant tetraspanins have an 

extra conserved cysteine in the small extracellular loop, suggesting it might be 

involved in the crosslinking to the cysteine in the large extracellular loop (Figure 1) 

(DeSalle et al., 2001).  

Tetraspanins have not been identified from Chlorophyte algae (Chlamydomonas 

rheinhartii, Volvox carteri, Micromonas, Ostreococcus lucimarinus and Ostreococcus 

tauri) in this study (Chapter 1) neither in other studies (Boavida et al., 2013). It is 

hypothesized that tetraspanins might have been lost or become divergent in the 

distinct lineages as eukaryotes diverged because they are present in protozoan 
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amoeba, fungi and plants but are absent from those unicellular chlorophyte algae  

(Boavida et al., 2013).  

Secondary & tertiary structure  

Despite the low identities in primary structure, they are very conserved in secondary 

structures, namely four transmembrane domains, cytoplasmic C- and N-terminal tails, 

an intracellular loop, a small extracellular loop and a large extracellular loop which 

consists of a constant region and a variable region (Figure 1). These hallmarks 

distinguish tetraspanins from the other four-transmembrane proteins such as the tight 

junction protein claudins. Post-translational modifications in those domains are 

important for tetraspanins interaction and localization, such as the cysteine 

palmitoylation sites in the juxtamembrane regions and N-linked glycosylation sites in 

the large extracellular loop (Baldwin et al., 2008; Delandre et al., 2009). Plant 

tetraspanins are predicted to have these palmitoylation sites and glycosylation sites 

as well (Figure 1) (Boavida et al., 2013). In conclusion, animal and plant tetraspanins 

represent a conserved gene family, they are low in primary structure identities, but 

conserved in the features (motif, polar residues, post-translational modifications), 

secondary and tertiary structures.  

 

 

 

Figure 1. Schematic representation of animal (left) and plant (right) tetraspanin 

topologies. Adapted from Boavida et al., 2013. Numbers in blue indicate the range 
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of the amino acids. PM, plasma membrane. ICL, intracellular loop. EC1, small 

extracellular loop. EC2, large extracellular loop. The constant and variable region in 

the large extracellular loop are shown in yellow and light blue shade, respectively. 

The CCG, GCCK/RP motif and conserved cysteines are highlighted, the yellow ones 

are 100% conserved and the gray one is 90% conserved. The (predicted) disulfide 

bridges are indicated in (dashed) blue lines. The conserved polar residues in the 

transmembrane domains are indicated. The palmitoylation sites in the 

transmembrane domains are indicated with red zigzag lines. The glycosylation sites 

are indicated with black pins.  

 

 

Interactions  

Tetraspanins are known for their interactions with each other and other proteins 

within the tetraspanin-enriched microdomains (TEMs). It has been shown that 

Arabidopsis tetraspanins can form homo- and heterodimers when expressed in yeast 

(Boavida et al., 2013). A major class of the interacting proteins of animal tetraspanins 

are integrins. However, integrins have not been identified in plants. Arabidopsis 

Membrane-based Interactome Network Database (MIND) (Jones et al., 2014) shows 

a diversity and a large number of interacting proteins for some tetraspanins, although 

they are not exactly the same as animal tetraspanins interacting proteins, they are 

similar types of proteins, such as transporters, receptors (i.e. G protein–coupled 

receptors) and membrane-anchored enzymes. This is consistent with the existence 

of TEMs in plants as well. Morever, these TEMs might be on different organelles with 

distinct and specialized functions because of their widespread subcellular localization 

as is shown in our study (Chapter 3). FLOT1 and FLOT2 are identified as 

TET1/TRN2 interacting proteins (Chapter 5). They are conserved proteins that are 

present in bacteria, fungi, plants and metazoans but absent from yeast and green 

algae (Chlamydomonas rheinhartii, Volvox carteri, Micromonas, Ostreococcus 

lucimarinus and Ostreococcus tauri). These ubiquitous expressed proteins are 

involved in various cellular processes, including cell adhesion, signal transduction, 

cellular trafficking and regulation of the cortical cytoskeleton (Morrow & Parton, 2005; 

Otto & Nichols, 2011). So far, interactions between tetraspanins and FLOTs have not 

been identified in animals. One of the reasons might be that they define their own 

distinct microdomains on the membrane. FLOTs are identified from lipid raft called 



 

 

156 Chapter 6 

detergent-resistant membranes (DRMs). TEMs are considered to be different from 

lipid rafts for several reasons (Hemler, 2005): TEMs are mostly soluble in non-ionic 

detergent (i.e. Triton X-100), whereas lipid rafts are insoluble in non-ionic detergents, 

the components that are often found in lipid rafts, such as 

glycosylphosphatidylinositol (GPI)-linked proteins, caveolin and Src-family kinases 

have not been found in TEMs. An unbiased proteomic approach identified more than 

200 important lipid raft proteins from human HeLa cells, in which FLOTs but not any 

of the tetraspanins were included (Foster et al., 2003). Other differences include 

sensitivity to temperature, cholesterol depletion and palmitoylation (Hemler, 2005).  

Arabidopsis FLOTs are initially identified from DRMs as well (Borner et al., 2005). It is 

not clear how would TRN2 interact with FLOTs. There is an indication that 

tetraspanins associate with DRMs because of their partition into the light density 

fractions of sucrose gradients, where DRMs are typically found (Claas et al., 2001). 

In aminals, it is generally considered that TEMs and FLOTs mediate their own cellular 

trafficking pathways that are different from clathrin- and caveolin-dependent 

trafficking. But recently it is hypothesized that FLOT1 might itself be a cargo molecule 

that is recognized by a clathrin-independent pathways (Glebov et al., 2006). 

Furthermore, TEMs and FLOTs share some common membranous compartments, 

such as plasma membrane, early, late and recycling endosomes as well as 

exosomes (Escola et al., 1998). The common location and function i.e. intracellular 

trafficking and protein sorting provide opportunity for interaction of Arabidopsis 

tetraspanin TRN2 and FLOTs, and might reveal a new mechanism in cellular 

trafficking.  

Optimized super resolution microscopy, such as photo-activated localization 

microscopy and stochastic optical reconstruction microscopy is recently applied in 

tetraspanin research and will allow to estimate the number of molecules per 

tetraspanin-enriched microdomain, their stoichiometry, spatial organization and 

movement along the plasma membrane (Betzig et al., 2006; Rust et al., 2006).  

 

Tetraspanins, the more the better? Essential or unessential?  

Tetraspanins comprise large gene families in many species, such as 33 in human 

and mouse, 36 in Drosophila melanogaster and 17 in Arabidopsis thaliana. They are 

also present in some protozoans and fungi. The large size of tetraspanin superfamily 

and conservation across kingdoms suggest fundamental roles in cellular function. 
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However, relatively few severe phenotypes have been observed upon knocking out a 

single tetraspanin, i.e. mutations in both human and mouse peripherin/RDS (Retinal 

Degeneration Slow) resulted in blindness (Goldberg et al., 1998; Goldberg, 2006), 

fungal pls1 (punchless1) mutants failed to penetrate into host plant leaves (Clergeot 

et al., 2001), Arabidopsis tet1/trn2 mutants had dramatic leaf and root patterning 

defects (Cnops et al., 2000; Cnops et al., 2006). It suggested that tetraspanins 

compensate one another and are redundant in function which would imply 

overlapping gene expression patterns, or tetraspanins are non-essential proteins and 

have an accessory role, facilitators of function of other complexes. Overlapping 

expression was observed in animal tetraspanins (Hemler, 2003). Functional 

redundancy resulted in mild or undetectable phenotypes in many single mutants, and 

phenotypes only became apparent in double mutants, i.e. mice cd9 and cd81 single 

mutant have reduced fertility because of a defective sperm-egg fusion, 

overexpression of CD81 can rescue the cd9 phenotype, while the double mutant is 

completely infertile (Kaji et al., 2000; Kaji et al., 2002; Rubinstein et al., 2006). The 

Drosophila melanogaster LBM (LATE BLOOMER) and two additional tetraspanin 

genes, were expressed in embryonic motoneurons. Deleting these three tetraspanins 

simultaneously enhanced significantly the synapse defect phenotype of the single 

lbm mutant (Kopczynski et al., 1996; Fradkin et al., 2002). In our study, no 

phenotypes were observed in the single mutants of TET5 and TET6 genes with 

redundant gene expression patterns in the vascular tissue, but the tet5tet6 double 

mutant had significantly increased organ size (Chapter 2). In Drosophila, about half 

of the tetraspanins are clustered on the second chromosome, including three 

motoneurons expressed tetraspanins. But phylogenetic studies do not support for 

their monophyly (Todres et al., 2000; Fradkin et al., 2002). Arabidopsis tetraspanins 

are evenly dispersed throughout the genome (Table 1), the duplicated genes are 

located on different chromosomes. The ones with overlapping expressions are rarely 

located on the same chromosome, TET16 and TET11 are the only tetraspanins 

adjacent to each other, both of which are very specifically expressed in the pollen. 

TET4, TET5 and TET9 are located on chromosome 4 with overlapping expression in 

the vascular tissue. TET1 and TET15 are located on chromosome 5 with overlapping 

expression in the lateral root cap and columella. Hence, in Arabidopsis tetraspanin 

gene duplication originated from genome duplication and subsequently divergence in 

expression patterns might have predominantly originated by neofunctionalization 
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through promoter sequence diversification (Moore & Purugganan, 2005). Indeed, our 

promoter element analysis (Chapter 4) showed different putative regulatory elements 

in promoters of the duplicated genes even in TET5 & TET6 with a similar expression 

pattern.  

In animals, some tetraspanins are widely expressed, such as the ubiquitous CD81 in 

almost every cell type (Hemler, 2005), CD9 in nearly all tissues (Rubinstein, 2013), 

whereas some are more restricted, i.e. peripherin/RDS on the outer segments of rod 

and cone photoreceptors (Arikawa et al., 1992), UPIa (Uroplakins Ia) and UPIb in the 

urothelium (Yu et al., 1994). In Arabidopsis, we showed that each individual 

tetraspanin is more tissue and cell type specific within organs rather than generally 

expressed. For example, TET5 and TET6 are vascular tissue specific, TET7 and 

TET11 are pollen specific (Chapter 2). Most duplicated Arabidopsis tetraspanins had 

divergent expression patterns but nearly all cell and tissue types expressed multiple 

tetraspanins indicating overlapping expression domains regardless of their 

phylogenetic distance. Indeed, Arabidopsis tetraspanin expressions are largely 

overlapping in progenitor cells during embryogenesis, including shoot apical 

meristem (TET3, TET4, TET10), vascular tissue (TET1, TET4, TET5, TET10, TET14) 

and QC (TET4, TET10, TET13, TET15). After germination, two more tetraspanins are 

expressed in the vascular tissue (TET6 and TET9). TET13 is specifically expressed 

in the QC and stem cells, but no phenotype is observed, which might be due to the 

overlapping expression with TET4, TET10 and TET15. TET13 is also specifically 

expressed in the lateral root primordia, only a mild phenotype is observed. A few 

other tetraspanins are expressed in the pericycle as well, including TET4, TET5, 

TET6, TET9. Yet, cross sections will be necessary for TET4 and TET9 to distinguish 

whether they are specific in xylem pool pericycle or general in the pericycle. TET4 

and TET10 have very similar expression pattern in the root meristem. TET1 and 

TET15 are overlapping in the lateral root cap and the columella. In the rosette leaves, 

five tetraspanins are expressed in the vascular tissue (TET1, TET5, TET6, TET9, 

TET14). TET1, TET3 and TET9 have overlapping domain in the shoot apical 

meristem. TET2 and TET4 are expressed in the mature stomatal guard cells. The 

most redundant expression is in the pollen, in which thirteen tetraspanins are 

expressed (Chapter 2). A study aimed at investigating tetraspanins functions in 

reproductive process did not manage to find any phenotype in the single knock-out 

mutants (Boavida et al., 2013). Taking these results together, it indicates that double 
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mutant or the combination of multiple mutants are essential for functional analysis, 

and the combination should be amongst the ones with overlapping expressions 

rather than duplicated genes because most of them have diverged expressions. In 

addition, some knock-out mutants are not available for some tetraspanins, or the 

mutants are in different ecotype background, amiRNA or RNAi could be alternative 

approaches. Mutants collected and studied in this study are summarized in Table 1. 

Phenotypes were scored in homozygous mutants with altered gene transcript level 

according to the expression patterns in the primary root, stomata, trichome, leaf 

morphology and flowering time. Phenotypes were only identified in tet2-1 with 

increased stomatal density, tet5tet6 double mutant with increased organ size, tet13-1 

with reduced primary root length and lateral root density. Generally, they have mild or 

undetecable phenotypes, for some of them it is  because the knock-out mutants are 

not available (i.e. TET9), but most importantly, they have overlapping expression 

domains as described above that might cause functional redundancy and phenotype 

compensation (i.e. tet13-1). However, the mutant analysis is still ongoing and not 

completed yet.   

Tetraspanins interact with each other and other proteins within tetraspanin-enriched 

microdomain, some tetraspanins have been shown to share common interacting 

proteins (Yáñez-Mó et al., 2009), eliminating a single tetraspanin in a complex could 

impair but not abolish the signaling pathway (Fradkin et al., 2002). Therefore, 

tetraspanins are proposed as “molecular facilitators”, playing nonessential accessory 

roles (Maecker et al., 1997; Fradkin et al., 2002; Hemler, 2003). But from the view of 

the whole tetraspanin family, the redundant functions and compensatory mechanisms 

indicate tetraspanin family is essential.  

In the MIND database, a number of common proteins are identified as interactors of 

different Arabidopsis tetraspanins, i.e. pollen expressed TET2 and TET11 share 

eleven common interacting proteins, TET11 and TET15 share three, indicating that 

redundant functions can compensate the defect caused by disrupting only one or a 

few tetraspanins. One more aspect has to be taken into account is that, as is found in 

animal tetraspanins research, some phenotypes are only found when a physiological 

equilibrium is disrupted (Rubinstein, 2011). We hypothesize that tetraspanins in 

cellular function are essential and might act in dose- and/or condition-dependent 

manner.  
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Arabidopsis tetraspanins: wrapping up for the future  

A few approaches have been widely used in studying large gene families, such as 

gene expression analysis, mutational analysis and protein localization but rarely 

combining them with regulatory element identification and transcription factor-target 

gene regulatory network. Our study established new strategies for investigating gene 

family functions by combining the approaches mentioned above. In this part, the 

results from each chapter, especially Chapter 2, 3 and 4, will be integrated for each 

tetraspanin in order to have a comprehensive view for putative function or future 

research in a particular direction.  

TET1/TRN2 is expressed in the cotyledon vascular tissue, which fits with its function 

in venation patterning (Cnops et al., 2006). TET1/TRN2 is inducible upon 

brassinolide & H3BO3 treatment but not by BL treatment alone (data not shown). 

Boron is taken up by the roots and transported via the xylem to other parts of the 

plant. It is assumed that boron is involved in the lignification of the cell wall and 

differentiation of the xylem. Brassinosteroids have been found to promote 

xylogenesis (Clouse & Sasse, 1998). Brassinosteroids are necessary for inducing 

entry into the final stage of tracheary element differentiation in cultured Zinnia 

elegans cells (Yamamoto et al., 1997). TET1 is expressed in the vascular tissues, 

this suggests it might have a function in tracheary element formation, which involves 

xylem differentiation, cell wall synthesis, lignification and programmed cell death.  In 

the TFs-TETs regulatory network, TET1/TRN2 is targeted by the recent discovered 

ERF115, which is expressed in the mitotically active QC cells and the expression is 

regulated by brassinosteroids (Heyman et al., 2013). Overexpressing ERF115 alters 

QC cells division and root stem cells organization. In the tet1/trn2 mutants, root stem 

cells organization is altered (Cnops et al., 2000).  

Microarray data shows a number of biological processes are down-regulated in the 

tet1/trn2 mutant, such as leaf development, microtubule-based movement, cell cycle 

and floral organ formation. This nicely fits with tet1/trn2 phenotypes: asymmetric and 

helical leaf patterning, reduced cell number in leaf and sterile homozygotes. A 

question concerning these down-regulated processes is: which one is the direct 

effect of knocking out TET1/TRN2? Because the seedlings harvested for microarray 

were at growth stage 1.03, with leaf 3 and 4 visible, a lot of secondary processes 

could have been affected. TET1/TRN2 and FLOTs interaction and protein localization 
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dynamics during endocytosis could be a starting point to identify the direct signaling 

pathway controlled by TET1/TRN2.  

TET2 is expressed in the stomatal meristemoids, guard mother cells and mature 

guard cells. It is up-regulated upon ABA, cold and drought treatment, which is 

consistent with the presence of stress response regulatory elements in the promoter 

and intron. In the tet2-1 mutant, only stomatal density is significantly increased but 

not the stomatal index, indicating that asymmetric division and cell spacing is not 

altered. Cell size is significantly reduced, therefore more stomata are observed in a 

given area and causing the increase of stomatal density. ABA, cold and drought can 

cause stomatal closure and subsequently affect CO2 and water vapour exchange and 

plant growth, therefore, TET2 might have a role in stomatal guard cell function, i.e. 

stomatal closure. The stomatal density phenotype is an indirect effect of stomatal 

closure. Moreover, TFs-TETs regulatory network shows TET2 is predicted to be a 

target gene of the transcription factor ATAF2 (NAC domain containing protein81), 

which is specifically expressed in the stomatal guard cells and negatively regulates 

response to drought and wounding (Delessert et al., 2005). Future research should 

verify TET2 in stomatal function. Whether the early expression of TET2 in 

meristemoid is related to a function in differentiated guard cells is doubtful, it would 

rather indicate an early function in stomatal development which might be investigated 

in the future.   

TET3 is expressed in the SAM organizing center progenitor cells during 

embryogenesis and remained after germination. TET3 localized at the 

plasmodesmata (driven by 35S promoter and visualized in cotyledon but not SAM 

organizing center), suggesting a function in transport and cell communication. TET3 

is up-regulated by ABA, cold and drought treatment and in the CBF3 (CRT/DRE 

binding factor 3) overexpression background. Cold and dehydration response 

elements are enriched in the TET3 promoter. TET3 is targeted by flowering response 

transcription factors PRR5 (Pseudo-Response Regulator 5), AGL15 (AGAMOUS-

Like 15) and PIF4 (PHYTOCHROME INTERACTING FACTOR 4). Ambient 

temperature influences flowering time. Taken together, TET3 might have a function in 

temperature-dependent flowering response. Flowering time is not altered in the 

knock-out tet3 mutants growing under 21°C, 16h light condition (data not shown). 

Future experiment would be interesting to test tet3 flowering response under lower 

temperature.  
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TET4 is expressed in the radicle of the mature embryo, the root apical meristem and 

the root vascular tissue after germination, up-regulated by ABA, cold, drought and in 

the CBF3 overexpression background. Its promoter is enriched with ABA response 

regulatory elements, radicle specific, vascular specific and stress response regulatory 

elements. It is targeted by FUS3 (FUSCA3, a B3 domain-containing transcription 

factor), which is involved in gene regulation during late embryogenesis. Loss-of-

function mutations in FUS3 results in premature activation of apical and root 

embryonic meristems and decrease of seed ABA levels, fus3 seeds have defects in 

seed coloration, dormancy and desiccation tolerance (Tsuchiya et al., 2004), 

processes that should be studied in tet4 mutants. TET4 and TET10 expressions are 

largely overlapping during embryogenesis, although TET10 function cannot be 

inferred from regulatory elements or TFs-TETs regulatory network, it might suggest 

TET4 and TET10 act in TEMs during embryogenesis.   

TET5 and TET6 are the only duplicated genes that have redundant expression 

patterns and functions. Double mutants have increased organ size, although TET6 

transcript level in tet6-2 is not severely reduced. It would be interesting to generate 

new double mutants with a stronger tet6 allele to see whether a stronger phenotype 

can be observed. It should be noticed that three more tetraspanins (TET4, TET10, 

TET14) have overlapping expression with TET5 in vascular tissue progenitor cells 

during embryogenesis. After germination additional five (TET1, TET4, TET8, TET9, 

TET12) and three (TET1, TET9, TET14) are overlapping with TET5 & TET6 in the 

root and rosette leaf vascular tissue, respectively. Regulatory elements in TET5 and 

TET6 are related to sugar sensing. Sucrose promotes growth by increasing cell 

number, it also promotes cell division in the apical meristem (Tognetti et al., 2013). It 

has been shown that sucrose induces Cyclin D expression (Riou-Khamlichi et al., 

2000). Indeed, rosette leaf cell number is significantly increased in tet5tet6. TFs-

TETs regulatory network shows TET5 and TET6 are targeted by AGL15, which is not 

relevant in supporting their roles in sugar sensing. It would be still necessary to check 

whether the vascular tissue morphology is altered or not in a stronger tet5tet6 allele 

to clarify whether TET5 and TET6 function in controlling organ growth is related to 

developmental or physiological function, or both. TET6 shows polar localization at the 

basal and apical part of root epidermal cells, but there is no clue about its meaning.  

TET8 and TET9 have functions in defense response, which is supported by their 

response to pathogen infection, elicitor treatment and the enrichment of defense 
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response regulatory elements. Furthermore, TET8 is targeted by three defense 

response transcription factors, its increased transcript level upon elicitor treatment 

and pathogen infection is proved both in our study by qRT-PCR and another study 

(Lucioli et al., 2014). It is not clear yet whether their functions in defense response is 

positive or negative. But according to the transcript level between the transcription 

factors and TET8, TET8 should have a positive role because its transcript level is 

positively correlated with ETHYLENE-INSENSITIVE3 (a positive regulator) and 

negatively correlated with SIGNAL RESPONSIVE 1 (a negative regulator). Still, a 

direct susceptibility test is necessary to be carried out, especially in the tet8tet9 

double mutant because of the potential functional redundancy. Remarkably, 

overexpressing TET8 results in seedling lethality, an inducible system can overcome 

the problem in case overexpression is necessary in the future study. TET9 is the only 

one that is expressed in the trichome progenitor cells and trichome. It is targeted by 

GL3 (GLABRA 3), which regulates trichome development, however no trichome 

phenotype was observed in tet9 mutants (so far only tet9-1 is checked). It suggests 

that the trichome-specific TET9 might be related to defense as well.   

TET13 is expressed in the hypophysis during embryogenesis, in the QC, stem cells, 

lateral root founder cells and lateral root primordia after germination. Its expression in 

the lateral root primordia is inducible by IAA. Emerged lateral root density and stage I 

lateral root primordia are significantly reduced while stage II-VII lateral root primordia 

are increased in the knock-out mutant tet13-1, indicating TET13 has a function in 

both lateral root initiation and emergence. Auxin accumulation, as visualized by the 

DR5:: GUS at the root basal meristem is affected but not abolished. These 

phenotypes are statistically significantly, but still mild, which could be caused by the 

redundant function between TET13 and the other tetraspanins that have overlapping 

expression in the pericycle, including TET3, TET4, TET5, TET6, TET8, TET9, TET10 

and TET12 (tet5tet6 has increased emerged lateral root density, data not show). 

TET13 is more likely being a downstream target of auxin signaling or involved in 

auxin local distribution rather than a component in long distance signaling such as 

auxin transport between organs. TET13 stronger expression in the tip cells of lateral 

root primordium outer layers might be related to a function in auxin-dependent 

signaling pathway that results in cell wall remodelling in the adjacent endodermal, 

cortical and epidermal cells overlaying the primordium (Swarup et al., 2008). 

proTET13:: TET13: GFP analysis would be definitely necessary and informative. 
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Primary root length and root meristem size are significantly reduced. No phenotype is 

found in the QC or stem cells identities, which could be due to the overlapping 

expression with TET4, TET10 and TET15 during embryogenesis and after 

germination. RNA-Seq of FACS sorted synchronized tet13-1 lateral root founder cells 

is ongoing, in order to identify lateral root initiation pathways linked to TET13.  

For the other tetraspanins (TET7, TET10, TET11, TET12, TET14-TET17), there is 

not enough clue to make clear inferences about their functions by combining 

expression patterns, mutational analysis, protein localization, regulatory elements 

and TFs-TETs regulatory network. They have overlapping expressions with the other 

tetraspanins as discussed above except for TET17 which is negative in our study and 

in the Genevestigator and eFP meta-analysis, but it was shown to be expressed in 

the mature pollen (Boavida et al., 2013).  

It is intriguing that tetraspanins are expressed in the progenitor cells during 

embryogenesis or in the progenitor cells of a certain cell type during vegetative 

growth which remains after germination or differentiation. The expression in the 

progenitor cells suggests they might be required in progenitor cell identity 

establishment or maintenance, or in lateral inhibition of neighboring cells. The 

expression in the differentiated cells suggests they might have a function in 

physiology or biochemistry rather than development. In animals, the same 

tetraspanin can interact with different partner proteins in different cell types (Levy & 

Shoham, 2005a). In addition, the same tetraspanin can express in all the cell lineage 

and is required for the expression of the partner protein while the partner protein is 

more stage-specific expressed (Shoham et al., 2003; Shapiro-Shelef & Calame, 

2004).  

Hence, the expression of certain TETRASPANIN genes in plants very early in a cell 

lineage until differentiated state might indicate dynamic interactions in time with 

partner proteins that are components of different molecular pathways.  
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Table 1. T-DNA and transposon insertion mutants collected in this study. Only GT and SM lines of TET13 are transposon 

insertion mutants, the rest are T-DNA insertion. SALK, GABI and SAIL lines are in Columbia (Col) background and ordered from 

NASC (http://arabidopsis.info/), FLAG lines are in Wassilewskija (Ws) background and ordered from INRC 

(http://publiclines.versailles.inra.fr/), GT and SM lines are in Landsberg erecta (Ler) background and ordered from CSHL 

(http://genetrap.cshl.edu/TrHome.html). S, sensitive to plant selective antibiotics, SALK, GT and SM: kanamycin 50 mg/L, GABI: 

Sulfadiazin 7.5 mg/ml, FLAG and SAIL: DL-Phosphinothricin 50 µM/L. Heterozygous are due to genotyping PCR rather than 

embryo or seedling lethal. Generally, SAIL lines have the most problems in genotyping PCR. GABI lines second insertion 

information is obtained according to the segregation analysis from GABI website (http://www.gabi-kat.de/). Plant samples harvested 

for qRT-PCR in this study are 7 day-old seedlings growing vertically under 24h light condition except for tet13-2 which are 

inflorescences. Tetraspanins are re-ordered and grouped at the bottom of the table according to their AGI code. pro, promoter. HM, 

homozygous. HZ, heterozygous. S, sensitive. KO, knock-out. D, down-regulated. U, up-regulated. NC, not changed. B, results from 

Boavida et al., 2013. E, embryo. R, root. C, cotyledon. L, rosette leaf. F, flower. LR, lateral root. LRP, lateral root primordia. 

Expression patterns are in bold.  

AGI Genes Stock Name NASC ID 
allele  
name 

Insertion  
position 

Pedigree and  
antibiotic 
resistance 

qRT-PCR 
result 

Expression & phenotype 

AT5G46700 TET1 

GK-254G01.02 N308316 trn2-7 exon 1 
  

E, R, C, L, F. Altered leaf patterning and 
symmetry 

SALK_000925  N500925 
 

exon 2 S 
 

 

SALK_127323C N627323 
 

intron S 
 

 

AT2G19580 TET2 

GK-967G02.01 N796371 tet2-1 intron 2 HM KO 
C, L, F, meristemoid, stomatal guard cell. 
Increased stomatal density 

SALK_101340C N663493 tet2-2 intron 2 HM. S D No phenotype in stomatal density  

SALK_048747C N675001 tet2-3 intron 2 HM 
 

 

SALK_048867 N548867 tet2-4 intron 2 not checked 
 

 

SALK_101346  N601346 
 

intron 2 not checked NC
B
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AT3G45600 TET3 

SALK_116766C N616766 tet3-1 intron HM. S D 

E, R, F, SAM organizing center. No 
phenotype in primary root length, flowering 
time or leaf morphology under normal 
condition 

GK-026G04.01 N309656 tet3-2 intron HM, 2nd insertion U 
No phenotype in primary root length, 
flowering time or leaf morphology under 
normal condition 

FLAG_306C01 
 

tet3-3 exon 1 HM KO
B
 

No phenotype in flowering time or leaf 
morphology under normal condition 

FLAG_421H09 
 

tet3-4 exon 1 HM KO
B
 

No phenotype in flowering time or leaf 
morphology under normal condition 

AT5G60220 TET4 
SALK_076972 N576972 

 
prom HZ. S 

 
E, R, C, F 

SALK_076971C N668515 
 

prom HM. S D No phenotype in primary root length  

AT4G23410 TET5 

GK-290A02.01 N396177 tet5-1 prom HM D E, R, C, L, F. No phenotype in seedling 

SALK_148216 N648216 tet5-2 exon 1 HM KO No phenotype in seedling 

SALK_020009C N678190 tet5-3 exon 2 HM KO No phenotype in seedling 

SALK_148217 N648217 
 

exon 1 HZ 
 

 

AT3G12090 TET6 

SALK_005482C N665161 tet6-1 prom HM U R, C, L, F 

SALK_139305 N639305 tet6-2 prom HM D No phenotype in seedling 

SAIL_30_H02 N870343 
 

prom not confirmed 
 

 

AT4G28050 TET7 SALK_016638 N516638 
 

prom HM. S D; NC
B
 F 

AT2G23810 TET8 SALK_136039C N667419 tet8-1 exon 1 HM. S D; KO
B
 

E, R, C, L, F. No phenotype in primary root 
length 

AT4G30430 TET9 

GK-207H01.01 N313067 tet9-1 3' UTR HM U 
R, C, L, F, trichome precusors, trichome. 
No trichome morphology phenotype 

SALK_142164 N642164 tet9-2 prom HM D  

SALK_018161 N518161 tet9-3 prom HM D  

SAIL_408_F09 N818894 
 

prom HM 
 

 

SALK_115646 N615646 
 

exon 2 HZ 
 

 

GK_278H08.01 N310220 
 

prom HZ, 2nd insertion 
 

 

AT1G63260 TET10 

SALK_120966C N673337 
 

prom HM U E, R, F. No phenotype in primary root length 

SAIL_326_E05 N815116 
 

intron5 not confirmed 
 

 

SALK_205981C N695363 
 

prom HM 
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FLAG_318F01 
  

prom HM 
 

 

AT1G18520 TET11 

SALK_109259 N609259 
 

exon 1 HM. S NC; KO
B
 F 

SALK_029497C N665661 
 

prom HM U  

SALK_027008C N661937 
 

prom HM U  

SAIL_897_B02 N877832 
 

exon 1 not confirmed 
 

 

SALK_047242 N547242 
 

prom HM U
B
  

SAIL_1055_D09 N841693 
 

prom HM 
 

 

AT2G03840 TET13 

SALK_011012C N665253 tet13-1 exon 1 HM KO
B
 

F, QC, LR founder cell, LRP. Reduced 
primary root length, root apical meristem 
size and LR density 

GT8699 
 

tet13-2 exon 1 HM U No root phenotype  

SM_3_38454 N125165 tet13-3 exon 1 wrong insertion 
 

 

SM_3_38457 N125168 tet13-4 exon 1 wrong insertion 
 

 

GT_5_6061 N102066 tet13-5 exon 1 not germinate 
 

 

SAIL_566_H10 N824068 
 

exon 1 HZ, 2nd insertion
B
 D

B
  

AT2G01960 TET14 

SALK_125616C N654876 
 

intron HM KO
B
 E, C, L, F 

SALK_074390C N662981 
 

intron HZ KO
B
  

GK-360E07.01 N794356 
 

3' UTR HM, 2nd insertion 
 

 

AT5G57810 TET15 
SAIL_147_C01 N807162 

 
3' UTR HM 

 
E, R, F 

GK-513E06.01 N794627 
 

exon 2 HM U No phenotype in primary root length 

AT1G18510 TET16 SALK_035445C N665760 
 

prom HM. S KO
B
 F 

AT1G74045 TET17 GK-223H09.03 N399830 
 

exon 1 HM, 2nd insertion KO
B
  

AT1G18510 TET16 AT2G01960 TET14 AT3G12090 TET6 AT4G23410 TET5 AT5G23030 TET12 

AT1G18520 TET11 AT2G03840 TET13 AT3G45600 TET3 AT4G28050 TET7 AT5G46700 TET1 

AT1G63260 TET10 AT2G19580 TET2   AT4G30430 TET9 AT5G57810 TET15 

AT1G74045 TET17 AT2G23810 TET8     AT5G60220 TET4 
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SUMMARY  

Cell-to-cell communication is crucial for the proper development and growth of 

multicellular organisms, in which membrane proteins play important roles because 

they are upstream components in signaling pathways. Tetraspanins are a distinct 

class of integral membrane proteins that form tetraspanin-enriched microdomains by 

interacting with the other membrane proteins. In animals, they have important 

functions in cell adhesion, signal transduction and cellular trafficking, but in plants 

their functional analysis is very limited. In this study, we investigated Arabidopsis 

tetraspanin gene family function in plant development and growth. The major findings 

of the work are written into one introduction chapter, four research chapters and one 

general discussion & perspective chapter. 

Chapter 1 positioned tetraspanins within membrane proteins classification, 

introduces their typical structure and functional domain, and tetraspanin-enriched 

microdomains based on the work in animal fields. Phylogenetic analysis in 11 

genomic sequenced plant species showed tetraspanins are duplicated through 

evolution. Tetraspanins are present in protozoan amoeba, fungi and plants but are 

absent from unicellular chlorophyte algae, suggesting they might have been lost or 

become divergent in the distinct lineages as eukaryotes diverged. TETRASPANINs 

expression patterns in different developmental stages and organs was carried out 

and described in Chapter 2. TETRASPANINs are expressed in the progenitor cells 

early during embryogenesis (i.e. vascular tissue progenitor cells, SAM organizing 

center progenitor cells, hypophysis) as well as in specific cell types after germination 

(i.e. meristemoids, lateral root founder cells, trichome progenitor cells), suggesting 

functions in cell fate specification. The duplicated genes have mainly divergent 

expression patterns, except for TET5 and TET6 that have redundant expression 

pattern in vascular tissues. TETRASPANINs have largely overlapping expression 

domains in different developmental stages and in different cell types and tissues. 

This suggests redundant functions within the family and could compensate the 

phenotypes. Phenotypic analysis according to the expression patterns revealed that 

TET2 might have a role in stomatal closure. TET13 has a function in promoting 

lateral root initiation and emergence, the expression is inducible by auxin. TET5 & 

TET6 have redundant functions in restricting organ growth. In Chapter 3, 

tetraspanins subcellular localization was analyzed. They were not only localized at 
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the plasma membrane, but also at specific organelles or specialized structures, such 

as the endoplasmic reticulum, plasmodesmata and vesicles. In Chapter 4, three 

bioinformatics related analyses were carried out. Regulatory elements at 

TETRASPANINs promoter regions were identified, which partially explained the 

divergent and tissue specific expression patterns. In addition, TETRASPANINs 

response to perturbations was analyzed by using Genevestigator. A transcription 

factor-TETRASPANINs regulatory network was generated. By combining the 

expression patterns and bioinformatics analysis, TETRASPANINs functions were 

inferred, i.e. TET3 in temperature-dependent flowering response, TET8 and TET9 in 

defense response. In Chapter 5, the mysterious mask of tornados dramatic and 

pleiotropic phenotypes was uncovered by transcriptome analysis. Phytohormone 

signaling and defense response processes were up-regulated while leaf 

development, cell cycle and microtubule-based movement processes were down-

regulated in the mutants. FLOT1 and FLOT2 were identified as interacting proteins of 

TETRASPANIN1/TORNADO2. Finally in Chapter 6, differences and similarities 

between animal and plant tetraspanins in primary, secondary and tertiary structure 

and interactions with partner proteins were compared, concluding that animal and 

plant tetraspanins represent a conserved gene family. Their specific and overlapping 

expression patterns, functional redundancy and essential/nonessential functions 

were extensively discussed. The results from each chapter, especially Chapter 2, 3 

and 4, were integrated for each tetraspanin in order to have a comprehensive view 

for putative function or future research in a particular direction.  
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