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Abstract 

During plant cytokinesis, the division of the cytoplasm following nuclear division, a cell wall 

emerges in between two newly formed daughter cells. Vesicles are delivered via the 

phragmoplast, a plant-specific microtubule array, to a transient membrane compartment called 

the cell plate. The cell plate loses its distinct juvenile traits and matures into a cross wall. A 

number of questions regarding cell plate development remain open. Furthermore, the 

coordination between membrane trafficking and microtubule dynamics and their regulation 

via cell cycle cues during cytokinesis is poorly understood.  

To learn more about cell plate development, two tethering complexes, the transport protein 

particle II (TRAPPII) and the exocyst, were monitored throughout cytokinesis. Both tethering 

complexes localise sequentially to the cell plate with a brief overlap at the onset and towards 

the end of cytokinesis. The TRAPPII complex is required for biogenesis and the exocyst for 

maturation of the cell plate. In addition, TRAPPII mediates the sorting of plasma membrane 

proteins, including the exocyst, at the cell plate. Both complexes show a transient physical 

interaction.  

To shed light on the coordination between membrane trafficking and microtubule dynamics, 

membrane- and microtubule-related proteins were tracked throughout cytokinesis. Our data 

support the general consensus that microtubule dynamics precede membrane dynamics during 

cell plate development. A quantitative analysis of cytokinesis-defective mutants was 

performed. Of four analysed microtubule-related mutants, only Microtubule Organization 1 

(mor1-1) mutants show severe impairment in cell plate formation. Conversely, the membrane-

related keule mutant exhibits the strongest defect in phragmoplast microtubule reorganisation 

during telophase. In addition, the appearance and localisation dynamics of the Sec1/Munc18 

(SM) protein KEULE and its known interaction partner, the syntaxin KNOLLE, differs 

throughout cytokinesis.  

A proteomic screen and binary interaction assays revealed the microtubule-associated protein 

65 family (MAP65) as an interaction partner of the TRAPPII tethering complex. The 

interaction does not alter the recruitment or localisation of either TRAPPII or MAP65 to or at 

the cell plate. The double mutants compared to single mutants have a synthetically enhanced 

number of cells in which four or more nuclei are clumped together in the apparent absence of 

even vestigial cross walls. We postulate that this interaction might coordinate cell cycle 

progression with the completion of cytokinesis. 

Taken together, we show how the identity of the cell plate changes as this compartment 

matures and highlight the importance of the coordination between membranes and 

microtubules. In addition, we outline a conceptual framework for the integration of cell cycle 

cues with membrane and microtubule dynamics during plant cytokinesis.  
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Zusammenfassung 

Bei der pflanzlichen Zellteilung, der Teilung des Zytoplasmas im Anschluss an die 

Kernteilung, entsteht eine Zellwand zwischen zwei neu gebildeten Tochterzellen. Der 

Phragmoplast, eine pflanzenspezifische Mikrotubuli-Anordnung, transportiert Vesikel zu 

einem transienten Zellkompartiment, der Zellplatte. Diese verliert ihre juvenilen Merkmale 

und reift zu einer Querwand. Viele Fragen bezüglich der Zellplattenentwicklung bleiben noch 

offen. Des Weiteren ist das Wissen über die Abstimmung des Membrantransfers mit den 

Mikrotubulidynamiken und deren Steuerung durch den Zellzyklus noch sehr gering. 

Um mehr über die Mechanismen der Zellplattenentwicklung zu erfahren wurden zwei 

Tethering-Komplexe, Transport Protein Partikel II (TRAPPII) und exocyst, im Verlauf der 

Zellteilung untersucht. Beide Tethering-Komplexe sind sequentiell auf der Zellplatte 

lokalisiert und überschneiden sich in ihrer Lokalisation nur kurz zu Beginn und am Ende der 

Zellteilung. Der TRAPPII Komplex ist für die Biogenese, exocyst für die Reifung der 

Zellplatte verantwortlich. Des Weiteren ist TRAPPII für die Verteilung von Plasmamembran 

Proteinen, inklusive exocyst, an der Zellplatte verantwortlich. Beide Komplexe interagieren 

transient miteinander. 

Die Koordination des Membrantransfers mit der Mikrotubulidynamik wurde durch die 

Nachverfolgung von membran- und mikrotubuliassoziierten Proteinen während des gesamten 

Verlaufes der Zellteilung untersucht. Unsere Ergebnisse stimmen mit dem aktuellen 

Wissensstand überein, dass bei der Zellplattenentwicklung die Mikrotubulidynamik der 

Membrandynamik vorausgeht. Eine quantitative Untersuchung von zellteilungsdefekten 

Mutanten wurde durchgeführt. Von vier untersuchten mikrotubuliassoziierten Mutanten, 

zeigen die Microtubule Organization I (mor1-1) Mutanten die stärkste 

Zellplattenbildungsstörung. Während der Telophase zeigen keule Mutanten wiederum, als 

membranassoziierte Mutanten, die größte Beeinträchtigung in der Reorganisation von 

Mikrotubuli. Außerdem unterscheidet sich das Sec1/Munc18 (SM) Protein KEULE von 

seinem bekannten Interaktionspartner, dem Syntaxin KNOLLE, im Erscheinungsbild und den 

Dynamiken im Verlauf der gesamten Zellteilung.  

Durch eine biochemische Untersuchung und binäre Interaktionsanalysen konnte die 

Interaktion zwischen der mikrotubuliassoziierten Protein Familie 65 (MAP65) und TRAPPII 

gezeigt werden. Diese Interaktion hat jedoch keinen Einfluss auf die Rekrutierung von 

TRAPPII zu oder der Lokalisation von MAP65 an der Zellplatte. Doppelmutanten im 

Vergleich zu Einzelmutanten zeigen ein synthetisch vermehrtes Auftreten an Zellen, in denen 

vier oder mehr Zellkerne, ohne sichtbare Anzeichen von rudimentären Querwänden, 

miteinander fusioniert sind. Dies führt uns zu der Annahme, dass diese Interaktion das 

Voranschreiten des Zellzyklus mit der Beendigung der Zellteilung koordinieren könnte.  

Zusammengefasst zeigen wir wie sich die Identität der Zellplatte während des 

Reifungsprozesses verändert und heben außerdem die Bedeutung der Koordination zwischen 

Membranen und Mikrotubuli hervor. Des Weiteren schlagen wir ein konzeptionelles Gerüst 

für die Verflechtung des Zellzyklus mit den Dynamiken der Membranen und Mikrotubuli 

während der Zellteilung vor. 
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1. Introduction 

1.1. Cytokinesis 

The most frequently studied type of cytokinesis in plants is that of somatic cells (Figure 1). 

During the G2/M transition of the cell cycle, a belt-like cytoskeletal array of microtubules and 

actin filaments, the preprophase band (Mineyuki, 1999), frames the future division plane 

(Figure 2A; Lipka et al., 2015). Throughout cytokinesis, a distinct microtubule array, the 

phragmoplast, delivers vesicles to the division plane and thus helps build the cell plate 

(Samuels et al., 1995). The cell plate centrifugally expands towards the previously marked 

cortical division site (CDS) (Figure 1A-D, Figure 3). Following nuclear division, the 

chromosomal content and the cytoplasm are divided into two daughter cells (Figure 1E; 

Staehelin and Hepler, 1996). In contrast to plants, in animal cells a contractile ring, consisting 

of the motor protein myosin II, actin filaments and additional proteins forms a cleavage 

furrow, which leads to a centripetal constriction of the cell (Neto and Gould, 2011). 

Cytokinesis can occur in diverse ways not just across kingdoms, but also between different 

plant tissues. For instance, the preprophase band is not present in male meiosis or during the 

cell division of nuclear endosperm (Peirson et al., 1997; Olsen, 2007). Cell plate formation in 

male meiotic cells resembles either the mitotic division or occurs after two meiotic divisions 

with an inward-oriented growth of new cross walls (De Storme and Geelen, 2013). In nuclear 

endosperm, a single cell undergoes multiple synchronous nuclear divisions before multiple 

cell plates are initiated between sister and non-sister nuclei (Olsen, 2007). Taken together, 

cytokinesis is a very complex and not yet fully understood process that successfully leverages 

a variety of different approaches to divide cells. The first detailed model of plant cytokinesis 

results from experiments with synchronised tobacco BY2 cells and tobacco root tips. Due to 

the quality of the electron micrographs of cryofixed, freeze substituted cells, somatic 

cytokinesis has become the prime model for cytokinesis in plants (Figure 1; Samuels et al., 

1995; Seguí-Simarro et al., 2004).  
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Figure 1. Somatic cytokinesis in plants.           

(A) Two opposing sets of phragmoplast microtubules arise from former spindle microtubules. A ‘Golgi-belt’, 

consisting of Golgi apparatus and trans-Golgi network/early endosomes (TGN/EE) surrounds the division plane. 

Right after arrival, vesicles fuse to dumbbell-shaped cell plate initials (black arrow).             

(B) The microtubules arrange into a barrel-like structure at the solid phragmoplast stage and further rounds of 

fusion initiates cell plate biogenesis within a cell plate assembly matrix.            

(C) The cell plate expands centrifugally towards the lateral cell walls. The phragmoplast microtubules reorganise 

into a ring-shaped pattern surrounding the expanding cell plate.           

(D) Cell plate maturation is triggered by insertion into the parental cell walls.            

(E) The cell plate has fully matured into a cross wall, which divides the cell into two daughter cells, flanked on 

either side by plasma membranes. Adapted from (Seguí-Simarro et al., 2004) with permission from the 

American Society of Plant Biologists. 

1.1.1. Mutants required for the establishment of the division plane and for the 

execution of cytokinesis 

The establishment of the division plane and cytokinesis in somatic plant cells can be broken 

down into four consecutive steps. First, the division plane needs to be determined; thereafter, 

in a second step, a new cell plate is formed. Subsequently, in a third step, the cell plate is 

inserted into the lateral walls and finally, in the fourth step, the cell plate has to mature into a 

new cross wall. A genetic dissection of cytokinesis identifies mutants characteristic for each 

of the four steps (Söllner et al., 2002; Gillmor et al., 2016). In this thesis, a subset of 

cytokinesis-specific mutants was analysed (Table 1). Mutants of the first step such as clasp-1 

and mor1-1 are impaired in either the formation or the positioning of the preprophase band. 

Incorrect positioning leads to an abnormal orientation of the cell plate (Kawamura et al., 

2006; Ambrose et al., 2007). Mutants impaired in the second step are characterised by 
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multinucleate cells with gapped or incomplete cross walls (Söllner et al., 2002). TRAPPII, 

knolle, keule, hinkel and pleiade belong to this mutant class and are impaired in either cell 

plate or phragmoplast formation (Lukowitz et al., 1996; Assaad et al., 2001; Strompen et al., 

2002; Müller et al., 2004; Jaber et al., 2010; Thellmann et al., 2010). Mutants in the third class 

such as massue are not able to insert the cell plate properly into the lateral wall (Thiele et al., 

2009). In the final step of cytokinesis, exo84b-2, among other mutants, may play a role in the 

maturation of the cell plate into a cross wall (Fendrych et al., 2010; Rybak et al., 2014).  

The interdependence between membranes and microtubules is crucial for the proper execution 

of cytokinesis. On the one hand, phragmoplast microtubules, deliver vesicles and cell wall 

components to the division plane (Samuels et al., 1995). On the other hand, membrane 

proteins in the cell plate or cell plate assembly matrix appear to anchor microtubule plus ends 

(Austin et al., 2005). The diversity of microtubule-related and membrane-related mutants 

enables us to precisely dissect the processes underlying cytokinesis in plants. 

Mutant Wild-type gene encodes 
Function during 

cytokinesis 
Reference 

clasp-1 

Microtubule-associated 

protein (CLIP-associated 

protein) determination of the 

division plane 

 

(Ambrose et al., 2007) 

mor-1-1 

Microtubule-associated 

protein (Microtubule 

organizing 1) 

(Kawamura et al., 

2006) 

trs120-4 subunit of TRAPPII 

(tethering complex) 

execution 

of cytokinesis 

(Thellmann et al., 

2010) 

club-2/trs130-2 (Jaber et al., 2010) 

keuT282                               (keule) 
Sec1/Munc18 (SM) 

protein 
(Assaad et al., 2001) 

keumm125                            (keule) 

hikG235                              (hinkel) Kinesin  (Strompen et al., 2002) 

ple-2                     (pleiade) 

Microtubule associated 

protein 65 (bundles 

microtubules) 

(M.-T. Hauser 

unpublished; Steiner et 

al., 2016) ple-3                     (pleiade) 

ple-4                     (pleiade) (Müller et al., 2004) 

mas-5                  (massue) 
GSL8 (putative callose 

synthase) 
cell plate insertion (Thiele et al., 2009) 

exo84b-2              (exocyst) 
Subunit of exocyst 

(tethering complex) 
cell plate maturation 

(Fendrych et al., 2010; 

Rybak et al., 2014) 

 

Table 1. Mutants analysed in this thesis. For more information about the mutants and additional exocyst 

mutant lines, used in the thesis, see the supplemental information of the publications.  
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1.2. Microtubule arrays required for cytokinesis 

Microtubules, first described as such in 1963 (Ledbetter and Porter, 1963), consist of non-

covalently bound α- and β-tubulin heterodimers. The interaction between both tubulin 

subunits is GTP-dependent and generates protofilaments. At least 13 protofilaments form a 

structure called “microtubule”. Microtubules are required for a large variety of processes 

including cell division, organelle positioning or the maintenance of cell shape (Kollman et al., 

2011). Six different α-tubulin genes and at least nine β-tubulin genes exist in Arabidopsis 

thaliana (Kopczak et al., 1992; Snustad et al., 1992).  

Contrary to animals and fungi, plants lack central microtubule organising centres such as 

centrosomes. Instead, microtubule organising centres are rather pleiotropic in plants and 

multiple nucleation sites have been described. In addition to the nuclear envelope, the cell 

cortex also shows nucleation activity at sites with and without pre-existing microtubules 

(Stoppin et al., 1994; Shaw et al., 2003; Bruaene et al., 2004). The new microtubules tend to 

nucleate at an angle of 40° to the pre-existing ones (Murata et al., 2005). Other studies point 

to the existence of undefined nucleation sites at the spindle poles (Chan et al., 2003). The 

main protein of microtubule nucleation, γ-tubulin, is conserved over kingdoms and occurs as 

two isoforms in Arabidopsis thaliana (Pastuglia et al., 2006). It is part of the γ-tubulin ring 

complex (Murata et al., 2007).  

The dynamic interplay between polymerisation (assembly), depolymerisation (catastrophe) 

and variable nucleation enables microtubules to respond rapidly to a variety of intrinsic and 

extrinsic cues. Microtubule-associated proteins (MAPs) play a significant role in this rapid 

adaptation (Kollman et al., 2011). Some of the MAPs stabilise and promote polymerisation of 

microtubules, others destabilise or sever microtubules. In addition, some MAPs help to form 

bundles via microtubule crosslinking, while others move material or organelles along these 

microtubule bundles (Lodish et al., 2000). Altogether, this leads to timely and spatially well-

organised microtubule arrays during cell division and other intra- and extra- cellular events 

(Figure 2). With all the degrees of freedom the microtubule arrays have at the minus end, it 

will be interesting to see whether there are mechanisms at the plus end that give the 

microtubule arrays structure and stability.   
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Figure 2. Microtubule arrays in plants.             

(A) The preprophase band delineates the future division site.           

(B) The metaphase spindle separates the sister-chromatids.           

(C) In telophase, a barrel-like phragmoplast, consisting of two opposing sets of microtubules is formed between 

two daughter nuclei. The opposing sets of microtubules are separated by the so called midzone (brackets).     

(D) The phragmoplast expands centrifugally, leading the cell plate towards the cortical division site, where it 

gets attached to the lateral wall. 

1.2.1. Preprophase band  

The basic geometry of a cell intrinsically gives some cues as to the position of the division 

plane. For instance, the division occurs perpendicular to the long axis of the cell (Hofmeister, 

1863). A microtubule array, the preprophase band, marks the future division plane in a more 

precise manner (Figure 2A; Pickett-Heaps and Northcote, 1966).  

Selective depolymerisation and remodelling of cortical interphase microtubules gives rise to 

the preprophase microtubule array (Dhonukshe and Gadella, 2003; Vos et al., 2004). De novo 

microtubule nucleation might also add to the formation of the microtubule array, as 

components of the γ-tubulin ring complex localise to the preprophase band (Janski et al., 

2012). Cortical actin filaments constrict the preprophase band to an area called the cortical 

division zone (Liu et al., 2011b). The constricted zone is actin-depleted and persists 

throughout mitosis and cytokinesis (Hoshino et al., 2003; Panteris, 2008). The constricting 

actin filaments, also known as microfilament twin peaks, are thought to guide the 

phragmoplast and cell plate towards the cortical division site (CDS) (Figure 3; Sano et al., 

2005; Panteris, 2008). The cortical division site is the confined cortical division zone, where 

http://onlinelibrary.wiley.com/doi/10.1111/tpj.12177/full#tpj12177-bib-0188
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the cell plate gets inserted into the lateral wall (Lipka et al., 2015). Although the disassembly 

of the preprophase band takes place well ahead of nuclear breakdown, the orientation of the 

cell plate can be predicted by its position (McMichael and Bednarek, 2013). Some proteins 

remain at the cortical division site after the disassembly of the preprophase band and highlight 

this site throughout mitosis and cytokinesis (Müller et al., 2006; Walker et al., 2007; Xu et al., 

2008). 

1.2.2. Phragmoplast 

The phragmoplast is the cytokinetic microtubule array in higher plants, in contrast to the 

phycoplast of algae (Figure 2C, D; Pickett-Heaps, 1974). Evolutionary, the phragmoplast first 

appeared in plant-related green algae such as Coleochaete and Chara. Contrary to the 

phycoplast, the phragmoplast is not arranged parallel, but perpendicular to the division plane 

(Ledbetter and Porter, 1963; Graham et al., 2000). Similarly, the actin microfilaments, the 

other cytoskeletal component of the phragmoplast, organise themselves perpendicular to the 

division plane (Zhang et al., 1993).  

After completing anaphase, phragmoplast microtubules emerge from polymers of the former 

mitotic spindle (Figure 1A, Figure 2B; Staehelin and Hepler, 1996). Consistently, 

introduction of fluorescently labelled brain tubulin shows structural continuity of microtubule 

arrays throughout cytokinesis in stamen hair cells of Tradescantia virginiana (Zhang et al., 

1990). A bipolar array of two opposite sets of microtubules is assembled at the division site. 

As cytokinesis proceeds, microtubules are added to the array at the plus end, in proximity of 

the division zone, and shortened at the minus end, near the chromosomes. This process is also 

known as treadmilling. A barrel-like structure is generated with a midzone between the two 

opposing sets of microtubules (Figure 2C). Subsequently, the phragmoplast microtubules 

relocalise from the middle to the periphery and encircle the expanding cell plate (Figure 2D; 

Lee and Liu, 2013). This is realised via microtubule depolymerisation at the centre of the 

phragmoplast and assembly at its leading edge (Liu et al., 2011a). After insertion of the cell 

plate in the lateral wall, phragmoplast microtubules get depolymerised. 

Although plants lack centrosomes and display dynamic microtubule plus ends and minus ends 

(Shaw et al., 2003), they are able to establish higher-order microtubule arrays such as the 

phragmoplast (Figure 2). So far, the establishment and maintenance of the phragmoplast is 

not fully understood. Localisation patterns of microtubule plus end and minus end proteins 

and fluorescence motility experiments point to a model that exceeds simple treadmilling from 

the minus end (nuclei) to the plus end (midzone; Figure 2C) (Van Damme et al., 2004; Zeng 
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et al., 2009; Smertenko et al., 2011). Consistently, the turnover rate of microtubules is very 

high during this phase (Hush et al., 1994). Another open question is the possible 

interdigitation of opposite microtubules in the phragmoplast midzone. On the one hand, no 

overlap of anti-parallel microtubules was observed for the majority of microtubules in 

cryofixed/freeze substituted somatic Arabidopsis thaliana cells. This led to speculation as to 

the existence of a mechanism that stabilises microtubule plus ends inside the cell plate 

assembly matrix (Austin et al., 2005). On the other hand, interdigitation was observed in 

endosperm cells and also in a subset of microtubules in cryofixed/freeze substituted somatic 

cells (Hepler and Jackson, 1968; Ho et al., 2011). It will be interesting to see whether the 

organisation of the phragmoplast microtubules at the plus end is determined not only by 

microtubule-related proteins but also by membrane-related proteins.  

A microtubule-related protein family, known to be localised to the phragmoplast, might be 

responsible for the correct reorganisation of the phragmoplast. The microtubule-associated 

protein 65 (MAP65) family consists of nine members in Arabidopsis thaliana (Hussey et al., 

2002), and is known to form homodimers to promote anti-parallel microtubule bundling in 

vitro. This binding is achieved by the conserved C-terminal part of the proteins (Smertenko et 

al., 2004; Gaillard et al., 2008). AtMAP65-1, AtMAP65-2 and PLEIADE/AtMAP65-3 are 

involved in the correct execution of cytokinesis. All three proteins localise to the 

phragmoplast and display cytokinesis-specific phenotypes as single or double mutants 

(Sasabe et al., 2011a). pleiade, however, exhibits the most pronounced cytokinesis-related 

defects of the protein family and, in addition, an abnormally wide midzone (Table 1; Figure 

2C; Müller et al., 2004; Caillaud et al., 2008).  

1.3. Membrane compartments required for cytokinesis 

Besides microtubules, two membrane compartments are crucial for plant cytokinesis. The first 

compartment, the trans-Golgi network/early endosome (TGN/EE) (Figure 3), contributes 

material to the division plane. In addition to newly synthesised proteins, polysaccharides such 

as xyloglucans or arabinogalactans are transported in TGN/EE-derived vesicles (Seguí-

Simarro et al., 2004; McMichael and Bednarek, 2013). The arriving vesicles form a 

membranous network, which develops into a cell plate, the second essential membrane 

compartment (Figure 3). Several membrane fusions and the alteration of the protein and 

polysaccharide composition let the cell plate mature into a cross wall. Callose is a juvenile 

trait of the cell plate compared to the parental cell wall. After cell plate maturation, callose, 

which is synthesised at the cell plate, is removed and cellulose becomes the predominant 
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luminal component of the nascent cross wall. Finally, the two daughter cells are divided via a 

new cross wall, flanked by a plasma membrane on either side (Samuels et al., 1995). 

 

Figure 3. Membrane dynamics during cell plate development.                      

(A) Somatic cell during cell plate expansion.               

(B) TGN/EE and Golgi-derived vesicles are delivered along phragmoplast microtubules (red) to the division 

plane. Right after arrival at the division plane, membrane fusion generates dumbbell-shaped cell plate initials 

(arrow). A tubulovesicular network arises by subsequent rounds of fusion in the cell plate assembly matrix. The 

tubulovesicular network is successively transformed into a tubular network and a planar fenestrated sheet. The 

cell plate centrifugally expands towards the cortical division site (CDS). The CDS marks the site of cell plate 

insertion into the lateral cell wall. Adapted from Jürgens (2005). 
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1.3.1. The trans-Golgi network/ early endosome (TGN/EE)  

The TGN/EE was initially perceived as part of the Golgi stack adjacent to the trans-Golgi 

cisterna within the Golgi matrix (L A Staehelin and Moore, 1995). It was later proposed that 

the TGN/EE is structurally divided in early and late sub-compartments (Staehelin and Kang, 

2008). Consistently, super-resolution confocal microscopy has identified two types of 

TGN/EEs: the Golgi-associated TGN/EE and the Golgi-released independent TGN/EE 

(Uemura et al., 2014). Additionally, it has been observed that clusters of vesicles leave the 

TGN/EE and traffic together towards the plasma membrane or cell plate (Toyooka et al., 

2009). It is now generally accepted that the TGN/EE is a highly diverse and plastic 

compartment. 

The main function of the TGN/EE is to deliver proteins from the Golgi apparatus to the 

plasma membrane, lysosomes, vacuoles and extracellular space (Griffiths and Simons, 1986). 

However, the TGN/EE is also involved in retrograde transport from the plasma membrane. A 

marker for the recycling endosome (Geldner et al., 2003) also co-aggregates with TGN/EE 

markers in Brefeldin A (BFA)-compartments (Dettmer et al., 2006; Lam et al., 2007; Chow et 

al., 2008). It is not clear whether the recycling endosome is connected with the TGN/EE, a 

matured form of the TGN/EE, or a discrete compartment (Viotti et al., 2010). Consistent with 

its central function in trafficking, TGN/EE-specific proteins also play a critical role in plant-

pathogen resistance (Uemura et al., 2012a) and salt tolerance (Kim and Bassham, 2011; 

Uemura et al., 2012b). Taken together, the TGN/EE is a transfer site for information from the 

plasma membrane and the secretory pathway (Dettmer et al., 2006; Uemura and Nakano, 

2013; Viotti et al., 2010). The TGN/EE acts as the main hub in the cell and distributes 

vesicles, proteins and polysaccharides to their destined organelles. During cytokinesis, the 

TGN/EE delivers vesicles and material for the cell plate to the division plane (Chow et al., 

2008).  

1.3.2. The Cell Plate 

Bisecting two newly divided plant cells requires the formation of a new cross wall. This 

process starts after the separation of the chromosomes at late anaphase. Golgi and TGN/EEs 

form the so-called ‘Golgi-belt’ around the determined division plane (Figure 1A; Nebenführ 

et al., 2000). From there a cloud of TGN/EE-derived vesicles accumulates at the equatorial 

plane and instantly initiate fusion. The first round of membrane fusion leads to hourglass-like 

intermediates, which get turned into a dumbbell-shaped vesicle-tubule-vesicle structures 

(Figure 3; arrow). Dynamin-related proteins are involved in forming this structures (Otegui et 
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al., 2001; McMichael and Bednarek, 2013). Hundreds of simultaneous executed fusion events 

give rise to a continuous, interwoven tubulovesicular network (Figure 3). The fusion events 

take place in a ribosome excluding network, known as the cell plate assembly matrix. This 

matrix contains a high density of clathrin-coated vesicles and microtubule plus ends of the 

phragmoplast. Upon phragmoplast replacement to the leading edge, the cell plate turns into a 

smooth tubular network (Figure 3) and expands centrifugally. During this phase the two 

nuclei already start to reform. In the next step, the membranous, interwoven mesh develops to 

a fenestrated sheet (Figure 3) whilst connecting with the parental plasma membrane. 

Membrane fusions take place at several sites at the same time (Samuels et al., 1995; Seguí-

Simarro et al., 2004). Once this connection is established, the cell plate starts to flatten 

(Gunning, 1982) and finally gets attached to the lateral cell wall (Schopfer and Hepler, 1991). 

Although cell plate formation follows this specific sequence of events, these fusion events are 

not timely separated and may occur at different places at the same time as the cell plate 

expands centrifugally (Figure 3; Samuels et al., 1995). 

1.4. Membrane trafficking machinery 

Inter- and intra-compartmental trafficking of proteins is mediated by vesicles. Vesicles bud 

from one compartment and get delivered along microtubules to their destined compartment. 

During cytokinesis and other cellular processes a lot of vesicle fusion occurs at the same time. 

To prevent incorrect fusion, different proteins localised on the vesicles and in their periphery 

are involved in specific vesicle fusion. Tethering factors are responsible for the first contact 

between vesicles, prior to the fusion event (Cao et al., 1998). Monomeric GTPases are 

important regulators of membrane tethering in the secretory and endocytic pathways. Guanine 

nucleotide Exchange Factor (GEFs) mediate the switch from an inactive GDP-bound state to 

an active GTP-bound state (Pan and Wessling-Resnick, 1998). RabAs are the largest group of 

GTPases in plant trafficking (Vernoud et al., 2003). SNAP (soluble N-ethylmaleimide-

sensitive factor attachment protein) receptor (SNARE) proteins are required for the actual 

fusion of the membranes (Weber et al., 1998). Sec1/Munc18 (SM) proteins interact with 

SNARE proteins to realise the membrane fusion. All these proteins together are required for 

correct homo- and heterotypic membrane fusion (Figure 4). 
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Figure 4. Schematic of the main components during vesicle tethering and fusion.       

(A) Cell plate initiation stage of a somatic cell.           

(B) Close-up of the cell plate assembly matrix, within which vesicle fusion takes place (C-G).           

(C) Two approaching vesicles, each with a multisubunit tethering complex (grey ovals) and SNARE proteins.   

(D) Multisubunit tethering complexes mediate the first contact between the vesicles.                     

(E) The SM protein KEULE (blue) binds to the open configuration of the syntaxin KNOLLE (orange).       

(F) A trans-SNARE complex is established between the v-SNARE (purple) and the t-SNAREs (red, light green, 

orange). Whether KEULE remains bound (transparent blue) or gets released after the trans-SNARE complex 

formation (blue) remains unclear.             

(G) This interaction brings the two vesicles to a close proximity and enables fusion. To simplify the illustration, 

components of just one trans-SNARE complex are depicted and the GTPases, NSFs and SNAPs were omitted. 

Modified from (Park et al., 2012). 

1.4.1. Tethering factors during cytokinesis 

The first specific physical contact between the trafficking vesicle and its target membrane is 

described as tethering (Figure 4D; Cao et al., 1998). This tethering process is regulated by two 

kinds of molecules, coiled-coil proteins and multisubunit complexes (Sztul and Lupashin, 

2006). Several tethering factors are specifically required for vesicle fusion at different steps 

throughout the secretory pathway.  

The multisubunit complexes can be attributed to particular inter- or intra- organellar transport. 

The specificity and trafficking properties of the tethering complexes were mainly investigated 

in yeast (or human cells for EARP). Retrograde and anterograde transport between the 

endoplasmic reticulum (ER) and the Golgi apparatus and intra Golgi transport is realised by 

the Dependence on Sly1 (Dsl1), the Conserved Oligomeric Golgi (COG) and the Transport 
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Protein Particle I (TRAPP I) tethering complexes (Reilly et al., 2001; Sacher et al., 2001; 

Suvorova et al., 2002; Zolov and Lupashin, 2005). Vesicle fusion at the trans-Golgi face, 

endosomes and vacuoles is mediated by the Golgi-Associated Retrograde Protein (GARP), 

the Endosome-Associated Recycling Protein (EARP), the endosomal Class C core 

Vacuole/Endosome Tethering (CORVET) and the Homotypic fusion and Protein Sorting 

(HOPS) tethering complexes (Conibear and Stevens, 2000; Wurmser et al., 2000; Schindler et 

al., 2015). 

Two further multisubunit tethering complexes, the TRAPP II and exocyst, mediate late Golgi 

transport and exocytosis, respectively (TerBush et al., 1996; Sacher et al., 1998, 2001).  

In addition to the six TRAPP I subunits, the TRAPP II complex consists of three further 

subunits, TRS120, TRS130 and TRS65 (Table 2; Sacher et al., 2001; Yu and Liang, 2012). 

All of the subunits except for TRS65 are conserved in plants (Thellmann et al., 2010). In 

yeast and mammals, the TRAPPII complex serves as a Rab GEF for monomeric GTPases that  

are homologs of the plant RabA family (Jones et al., 2000; Morozova et al., 2006). Recent 

studies in yeast strengthen these findings that TRAPPII shows Rab GEF activity 

predominantly for homologs of the plant RabA family; however, some studies in yeast and 

mammals show contradictory results (reviewed by Kim et al., 2016). So far in plants, 

colocalisation of TRAPPII subunits with members of the RabA family has been reported but 

no Rab GEF activity has been documented (Qi et al., 2011; Qi and Zheng, 2011). RabA 

family members are involved in vesicle transport from the TGN/EE to the plasma membrane 

and are required for cell plate development (Chow et al., 2008; Feraru et al., 2012; Preuss et 

al., 2004; Davis et al., 2015). This suggests a possible regulatory function of TRAPPII during 

plant cytokinesis, as the RabA GTPases are the key regulators of vesicle fusion during 

cytokinesis (Chow et al., 2008).   
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Subunit 

(yeast) 

TRAPP 

complex 

Required for 

tethering in following 

compartments (yeast) 

Subunit group/comments 

Bet3 I, II and III 

ER-to-Golgi 

 

Core subunit; (Sacher et al., 2001) 
Bet5 I, II and III 

Trs23 I, II and III 

Trs31 I, II and III 

Trs20 I, II and III Adaptor; (Sacher et al., 2001) 

Trs33 I, II and III 
TRAPPI-associated; (Sacher et 

al., 2001) 

Tca17 II* 

post Golgi; TGN/EE 

Adaptor; paralog of Trs20; 

(Montpetit and Conibear, 2009) 

Trs65 II 
Not conserved in plants; (Liang et 

al., 2007) 

Trs120 II 
TRAPPII-specific; (Sacher et al., 

2001) 
Trs130 

II 

 

Trs85 III Autophagosome 
TRAPPIII-specific; (Sacher et al., 

2008) 

Table 2. TRAPP tethering complexes. Orthologs in plants exist for all subunits, but the functions of TRAPP I 

and TRAPP III in plants are so far unknown. TRAPP II functions in plants also in post-Golgi trafficking.*Tca17 

is a sub-stoichiometric component of the TRAPPII tethering complex (Rybak et al., 2014; Kim et al., 2016). 

The exocyst complex in mammals and yeast consists of eight subunits that are encoded as 

single or multiple isoforms in the Arabidopsis thaliana genome (Table 3; Guo et al., 1999; 

Matern et al., 2001; Synek et al., 2006). In mammals and yeast, the exocyst is required for 

polarised secretion. For instance, the exocyst complex localises to the tip of the growing 

neurite in neuronal cells (Hazuka et al., 1999). In budding yeast the exocyst complex is 

present at the tip/neck and in dividing fission yeast at the cleavage furrow (TerBush and 

Novick, 1995; Fielding et al., 2005). In addition, the exocyst complex was shown to interact 

with a Rab GTPase (Novick and Guo, 2002). This hints to a role during cytokinesis, as cell 

division can be seen as a special form of polarised secretion.  

Both the TRAPPII and the exocyst tethering complexes are in some way involved in 

cytokinesis (Fendrych et al., 2010; Jaber et al., 2010; Thellmann et al., 2010), but neither their 

exact localisation nor their exact function during cytokinesis had so far been described. 
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Subunit 

(yeast) 

Isoforms in 

Arabidopsis 

thaliana 

Required for 

tethering in following 

compartments  

Reference 

Sec3 2 

plasma membrane 

(exocytosis) 

(Elias et al., 2003) 

Sec5 2 

Sec6 1 

Sec8 1 

Sec10 1 

Sec15 2 

Exo70 22 (Synek et al., 2006) 

Exo84 3 (Elias et al., 2003) 

Table 3. Exocyst tethering complex. Multiple isoforms exist for almost all exocyst subunits in plants (Synek et 

al., 2006). 

1.4.2. SNARE and SM proteins required for cytokinesis 

The transport of newly synthesised proteins through the secretory pathway occurs via vesicles 

(Palade, 1975). Vesicles bud off the donor membrane and fuse with the acceptor membrane of 

the following organelle. After tethering the vesicle to the acceptor membrane, the fusion is 

mediated by SNARE proteins (Chen and Scheller, 2001).  

SNAP receptor proteins (SNARE) are receptors for N-ethylmaleimide sensitive factors (NSF) 

and soluble NSF attachment proteins (SNAP) (Söllner et al., 1993). These receptors can be 

roughly divided into two groups, the v-SNAREs and the t-SNAREs (Figure 4), indicating 

their localisation at the vesicle or target membrane respectively. Fusion occurs when the right 

(R-type) v-SNARE interacts with the right (Qa-, Qb-, Qc-type) t-SNAREs. This interaction is 

highly specific and enables multiple targeted fusions of different vesicles at the same time 

(McNew et al., 2000). Upon arrival of the vesicle at the target membrane, a trans-SNARE-

complex consisting of four α-helices is created (Figure 4F). Consequently, the trans-SNARE 

complex brings the membranes in close proximity to each other so that fusion can occur 

(Figure 4G; Weber et al., 1998). Sec1/Munc18 (SM) proteins are positive or negative 

regulators of SNARE interaction (Burgoyne and Morgan, 2007; Südhof and Rothman, 2009). 

Different SM families have distinct binding mechanisms. Most of them bind to the closed 

conformation of syntaxins (SNARE proteins), dependent or independent of their SNARE 

motifs. Other SM proteins bind to the open conformation (Dulubova et al., 2003; Park et al., 
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2012). SNARE proteins get recycled back into their non-binding configuration in the presence 

of NSF and SNAP proteins.  

In plants, the cytokinesis-specific syntaxin KNOLLE/AtSYP111 (Lauber et al., 1997) gets 

delivered to the cell plate via the Golgi and TGN/EE (Chow et al., 2008). At the cell plate, 

KNOLLE forms a trans-SNARE-complex with AtSNAP33 (Heese et al., 2001) and the v-

SNAREs, AtVAMP721 and AtVAMP722 (Zhang et al., 2011). The SM protein 

KEULE/AtSEC11 (Waizenegger et al., 2000; Assaad et al., 2001) stabilises the open form of 

KNOLLE and favours the formation of the trans-SNARE complex (Figure 4E; Park et al., 

2012). This interaction suggests that KEULE’s predominant role is the regulation of 

KNOLLE during cytokinesis. However, trafficking studies with BFA and involvement of 

KEULE, but not KNOLLE, in tip growth, indicates additional roles of KEULE (Assaad et al., 

2001; Reichardt et al., 2007; Park et al., 2012). 

1.5. Cell cycle regulation of phragmoplast microtubule dynamics 

The core cell cycle genes are conserved over a broad range of species (Vandepoele et al., 

2002). Key regulators of the cell cycle such as cyclins and cyclin-dependent kinases (CDKs) 

are amongst these genes. However, plants differ in some aspects of the cell cycle regulation 

compared to animals. Plants have additional CDKs, such as CDKBs, but lack other proteins 

such as polo-like kinases that are required for the cell cycle regulation in animals (Sasabe and 

Machida, 2012).  

Cell cycle progression through the M-phase of plants involves three important transitions. 

First, entry into mitosis, the G2/M transition, which is controlled by CDKA, CDKBs and 

cyclin B (Figure 5A; Gutierrez, 2009; Tank and Thaker, 2011; Scofield et al., 2014). Second, 

the metaphase to anaphase transition that is controlled via specific cyclin degradation. The 

anaphase promoting complex marks cyclins as targets for degradation in the proteasome. This 

is also true for other kingdoms (Figure 5B; Weingartner et al., 2004; Heyman and Veylder, 

2012). Third, during cytokinesis the lateral phragmoplast expansion is controlled by a 

mitogen-activated protein (MAP) kinase cascade that is regulated in a cell cycle-dependent 

manner (Figure 5C; Sasabe et al., 2011b).  

Dephosphorylation of the kinesin 7 member HINKEL/AtNACK1 activates the MAP kinase 

cascade that is conserved in tobacco and Arabidopsis thaliana. While entering telophase, the 

phragmoplast microtubules debundle towards the centre and get translocated to the leading 

edge of the cell plate. Phosphorylation of PLEIADE/AtMAP65-3 and other members of the 
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microtubule-associated protein 65 (MAP65) family by this mitogen-activated protein (MAP) 

kinase cascade causes the debundling of microtubules at the centre of the phragmoplast 

(Takahashi et al., 2004; Sasabe et al., 2011a).  

Microtubules are known to be important for cell cycle progression. For example, as targets of 

the described MAP kinase cascade or as part of a control mechanism, called the spindle 

assembly checkpoint (SAC) (Musacchio, 2015). On the other hand, not much is known about 

the contributions of the membranes in the progression through the cell cycle. 

 

Figure 5. Progression through the M-phase (mitosis/cytokinesis) of the cell cycle.       

(A) Entry into the M-phase is coordinated via the interaction of B-type cyclins with CDKA and plant-specific 

CDKBs. Additionally, CDKA also regulates the G1/S transition with D-type cyclins.       

(B) The anaphase-promoting complex marks cyclins for degradation in the proteasome.        

(C) During cytokinesis, a plant-specific mitogen-activated protein (MAP) kinase cascade regulates the 

reorganisation of the phragmoplast microtubules. The role of the cell plate in progression through the cell cycle 

is still unknown (question mark). 
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1.6. Objectives 

Open questions in plant cytokinesis 

Although the principles of plant cytokinesis are known, there are still many open questions. 

The formation of the cell plate requires a large amount of vesicles being delivered to the 

division plane. Whether the cell plate arises solely from TGN/EE-derived vesicles or 

additionally also from endocytic vesicles remains elusive. The cell plate is a transient 

compartment that emerges during cytokinesis. It is not clear so far, whether the cell plate is 

just a sink for plasma membrane proteins and cell wall polysaccharides during cytokinesis or 

a compartment distinct from the mature cell wall. Furthermore, the interplay between 

membranes and microtubules is crucial for a correct cell plate formation. A great number of 

membrane-related and microtubule-related proteins required for cytokinesis are known (Table 

1). However, the molecular link between membranes and microtubules during cytokinesis is 

still missing. In addition, the molecular functions of some of the proteins involved in 

cytokinesis (Table 1-3) are so far not entirely understood. Although most of the cell cycle 

machinery is conserved across kingdoms, not much is known about the transmission of cell 

cycle cues to the membranes during plant cytokinesis. The open questions were split into 

three chapters, to thoroughly address each topic. 

Identity of the cell plate; role of the tethering complexes; sorting behaviour 

The first chapter focused on the identity of the cell plate, the role of the two tethering 

complexes, TRAPPII and exocyst, and the sorting behaviour of proteins and polysaccharides 

at the cell plate. Two hypotheses as to the identity of the cell plate were tested. The first 

hypothesis assumes the cell plate to be at the same time a TGN/EE and a plasma membrane 

compartment. The second considers the identity of the cell plate to be sequential throughout 

cytokinesis, first a TGN/EE then a plasma membrane compartment. Except for the 

involvement in cytokinesis, not much is known about the localisation pattern or function of 

the TRAPPII and exocyst tethering complexes during cytokinesis. Therefore, localisation 

studies, interaction studies and mutant analyses were conducted. The hypothesis that the cell 

plate acts as a sink for plasma membrane proteins was tested with localisation studies of 

plasma membrane proteins and polysaccharides in mutant backgrounds of the two tethering 

complexes. 
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Membrane and microtubules; additional role of KEULE 

The second chapter of this thesis focused on the dynamics of membrane- and microtubule-

related proteins and their interdependence during cytokinesis. To this effect, the localization 

dynamics of microtubule and membrane markers were monitored throughout cytokinesis. In 

addition, the effect of microtubule-related mutants on cell plate formation and, conversely, the 

effect of a membrane-related mutant on phragmoplast reorganisation was tested. The sorting 

behaviour at the cell plate was monitored. The syntaxin KNOLLE and the SM protein 

KEULE play a crucial role during vesicle fusion in plant cytokinesis. Some aspects of the 

interaction between KEULE and KNOLLE were still unclear. Besides the re-evaluation of the 

interaction, the sorting of both proteins was compared throughout cytokinesis.  

Interaction between membranes and microtubules; cell cycle cues 

In the third chapter of the thesis the main goal was to find a possible anchor mechanism for 

microtubule plus ends at the cell plate or in the cell plate assembly matrix. To this end, an 

interaction study with membrane-related proteins was conducted. Possible microtubule-

related hits were evaluated and further analysed.  
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2. Embedded Publications 

2.1. Publication 1: Plant cytokinesis is orchestrated by the sequential action of the 

TRAPPII and exocyst tethering complexes (Appendices 1-2) 

Summary of publication 1 

The first publication of this thesis, plant cytokinesis is orchestrated by the sequential action of 

the TRAPPII and exocyst tethering complexes, was published in Developmental Cell in June 

2014. 

Creating a new wall between two recently divided plant cells is a complex process that 

requires the biogenesis of a new compartment, the cell plate. The physical properties of the 

cell plate and cross wall differ. The cell plate changes from being fluid and deformable to 

being flat and rigid after insertion into the lateral wall in Tradescantia stamen hair cells 

(Mineyuki and Gunning, 1990). Cell plates also change their growth kinetics from slow and 

undirected to fast and directed upon contact with the lateral walls in Arabidopsis shoot cells 

(Cutler and Ehrhardt, 2002). Moreover, the composition of polysaccharides are quite different 

in the cell plate compared to the cross wall (Moore and Staehelin, 1988; Samuels et al., 1995; 

Seguí-Simarro et al., 2004). Although these physical and kinetic alterations in structure and 

composition are identified, little is known about the coordination and regulation of the 

transition from a juvenile cell plate to a mature cross wall.  

The major thrust of this publication was to test two hypotheses as to the identity of the cell 

plate. The first hypothesis postulates that the cell plate has a mosaic identity, simultaneously 

consisting of TGN-derived and plasma membrane compartments, and the second that it has a 

sequential identity as it progresses from biogenesis to insertion and maturation. Analysing 

two tethering complexes throughout cytokinesis provided evidence in favour for the 

sequential identity hypothesis. The exocyst tethering complex has been shown to be involved 

in cytokinesis and polarised exocytosis (He and Guo, 2009; Fendrych et al., 2010). Similarly, 

the two plant specific subunits of the TRAPPII tethering complex, AtTRS120 and 

CLUB/AtTRS130, have been shown to be required for plant cytokinesis (Jaber et al., 2010; 

Thellmann et al., 2010; Qi et al., 2011).  

In localisation studies, TRS120-GFP could be seen at the cell plate at the initiation phase of 

cytokinesis and it persisted at the cell plate until its insertion into the lateral cell wall (App. 1 

Figure 1). EXO84b-GFP, a subunit of exocyst implicated in cytokinesis (Fendrych et al., 
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2010; Heider and Munson, 2012) also localised to the cell plate at the onset of cytokinesis. 

Thereafter, EXO84b-GFP was diffuse, with a cloud-like appearance around the cell plate. 

Towards the end of cytokinesis EXO84b-GFP appeared at the cell plate and the fluorescence 

increased until it peaked at the new cross wall (App. 1 Figure 1). For both tethering 

complexes, all the subunits of the same complex we tested shared the same localisation 

pattern throughout cytokinesis (App. 1 Figure 2; App. 2 Figure S1). Colocalisation with the 

microtubule marker mCherry-TUA5 showed that TRS120-GFP and EXO84b-GFP appeared 

at the phragmoplast assembly stage. TRS120-GFP fluorescence persisted along the entire cell 

plate during the solid phragmoplast stage, while EXO84b-GFP fluorescence was diffuse 

around the plate during this stage. At the ring-shaped phragmoplast stage, TRS120-GFP 

localised to the leading edges with the microtubules and then gradually got weaker and 

disappeared. EXO84b-GFP, on the other hand, started to relocalise to the cell plate at the ring-

shaped phragmoplast stage and became stronger and reached its peak fluorescence at the 

newly formed cross wall after the microtubules had already depolymerised (App. 1 Figure 2; 

App. 2 Figure S2). Colocalisation of both tethering complexes together confirmed these 

findings and showed overlap at the onset of cytokinesis and at the moment of cell plate 

insertion into the lateral walls (App. 1 Figure 3; App. 2 Figure S3). This indicates a sequential 

activity of both tethering factors during cytokinesis. 

The localisation at the onset of cytokinesis might point to a function for both during cell plate 

biogenesis. However, and contrary to TRAPPII mutants, exocyst mutants had no visible cell 

plate biogenesis defect. No cell wall stubs or incomplete cross walls were found in exo84b-2 

via confocal microscopy (App. 1 Figure 3). Even electron microscopy failed to reveal small 

gaps or cross wall breaks in the exo84b-2 mutant. trs120-4 mutants, on the other hand, 

exhibited a range of cross wall defects, including stubs, incomplete cross walls, and “beads on 

a string-like” structures (App. 1 Figure 4; App. 2 Figure S4). Towards the end of cytokinesis, 

exocyst mutants varied in their behaviour compared to the wild type. For instance, the 

cytokinesis-specific syntaxin KNOLLE appeared already at the early ring-shaped 

phragmoplast stage as a punctate stain around the cell plate in exo84b-2, compared to the late 

ring-shaped phragmoplast stage in the wild type. Additionally, the polysaccharide 

composition of the cell plate and cross wall differed in the exo84b-2 mutant in contrast to the 

wild type (App. 1 Figure 3, 5). In conclusion, the TRAPPII but not the exocyst complex is 

required for the biogenesis of the cell plate. The exocyst complex rather appears to be 

involved in cell plate maturation. 
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Another issue we addressed was whether active sorting of proteins and polysaccharides 

contributes to the identity of the cell plate. The analysis of cell wall polysaccharides via 

immunostaining showed that in club/trs130-2 as well as in exo84b-2, the deposition of 

methyl-esterified pectins and AGP glycans at the cell plate, cross wall and lateral walls was 

altered compared to the wild type. In line with this, it is interesting to see that just 

club/trs130-2 influenced the sorting behaviour of EXO84b-GFP, while the localisation of the 

TRAPPII complex was unaffected in exo84b-2 mutants. EXO84b-GFP exhibited neither the 

cloud-like appearance during cell plate formation and expansion nor the characteristic peak 

fluorescence during cell plate initiation and nascent cross wall. The signal intensity of 

EXO84b-GFP was rather uniform at the cell plate and cross walls. Four other plasma 

membrane proteins showed similar results: they labelled the cell plate, cross walls and lateral 

walls differentially in the wild type but uniformly in club/trs130-2 root tip cells (App. 1 

Figure 5; App. 2 Figure S3, S5). We conclude that the TRAPPII complex is required for the 

correct sorting of proteins at the cell plate.  

We next assessed the physical interaction between both tethering complexes. Mass 

spectrometry of purified proteins from anti-GFP pull downs of CLUB-GFP and TRS120-GFP 

identified multiple hits of the exocyst complex, including at least one isoform of each subunit 

(Table 3). This interaction was confirmed by co-immunoprecipitation of three exocyst 

subunits in CLUB-GFP and TRS120-GFP pull-downs via western blot and antibodies against 

the three subunits. Additionally, TRS120 was found in a yeast two-hybrid screen with 

EXO70H7 as a bait (App. 1 Figure 6; App. 2 Figure S6, S7). These results support a physical 

interaction between both tethering complexes. 

Further analysis of the proteomic data revealed that TRAPPII subunits clustered on scatter 

plots at higher signal intensities than exocyst subunits. Likewise, the phenotypes of both 

complexes are quite different. TRAPPII mutants display classical cytokinesis defects such as 

bloated cells and incomplete walls. By contrast, the phenotype of exo84b-2 was reminiscent 

of those of cell wall-related mutants, with radial swelling and cell wall breaks in vacuolated 

cells. In addition, both complexes did not colocalise in non-dividing cells (App. 1 Figure 6). 

This points to a transient interaction of both complexes and strengthened the model of a 

sequential function of the two complexes during cytokinesis. 

In summary, the TRAPPII tethering complex and the exocyst tethering complex exhibit a 

transient physical interaction. We postulate that both complexes sequentially coordinate the 

development of the cell plate. The TRAPPII complex is required for the biogenesis of and 
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proper sorting at the cell plate. Thereafter, the exocyst complex is responsible for cell plate 

maturation. This sequential order of the two tethering complexes may enable the correct and 

timely delivery of the right proteins and polysaccharides to or at the cell plate or cross wall 

(App. 1 Figure 7).  

Contributions to Publication 1 

I performed a great deal of microscopy work for this study, including confocal laser scanning 

microscopy, environmental scanning electron microscopy and transmission electron 

microscopy. I taught myself the Imaris software (Bitplane) and prepared the 3D 

reconstructions of Focused Ion Beam/Scanning Electron Microscope micrographs. After 

image acquisition, I carried out quantitative analyses including, heat maps, line graphs and the 

measurement of the mitotic index. For the final manuscript I prepared the major complement 

of the figures and movies, critically appraised the manuscript and gave input for the writing. 
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2.2. Publication 2: The Membrane-Associated Sec1/Munc18 KEULE is Required 

for Phragmoplast Microtubule Reorganisation During Cytokinesis in 

Arabidopsis (Appendices 3-4) 

Summary of Publication 2 

The second article summarised in this thesis, The Membrane-Associated Sec1/Munc18 

KEULE is Required for Phragmoplast Microtubule Reorganization During Cytokinesis in 

Arabidopsis, was published in Molecular Plant in April 2016. 

Phragmoplast microtubules are postulated to transport vesicles to the division site to deliver 

the membrane and cargo required for cell plate biogenesis and expansion (Seguí-Simarro et 

al., 2004). When proteins required for microtubule nucleation are knocked out or down, the 

cells exhibit not only abnormal phragmoplasts but also cell plate defects (Pastuglia et al., 

2006; Zeng et al., 2009). In Physcomitrella, downregulation of three microtubule-associated 

protein 65 (MAP65) genes additionally affect cell plate organisation (Kosetsu et al., 2013). 

Conversely, little is known about the effect of membrane proteins on the organisation of 

microtubule arrays during cytokinesis. SM proteins positively or negatively control the trans-

SNARE complex formation during membrane fusion. The plant SM protein KEULE interacts 

with the plant-specific syntaxin KNOLLE. However, experiments with the membrane-

trafficking blocking drug, Brefeldin A, and the root hair defect of keule mutants, but not 

knolle mutants, indicates additional roles of KEULE (Assaad et al., 2001; Reichardt et al., 

2007). 

To identify the dynamics and role of proteins involved in cellular processes such as 

phragmoplast reorganisation, it is important to work with functional, native protein fusions. 

To this end, we constructed and characterised a functional PKEU::KEULE-GFP gene fusion 

(App. 4 Figure S1). KEULE-GFP was localised in the cytosol in non-dividing cells and to the 

cell plate in dividing cells throughout cytokinesis. At the end of cytokinesis, it aggregated at 

the edges of the cell plate, similar to what was shown in (Wu et al., 2013) with P35S::KEULE-

GFP in tobacco BY-2 suspension cells. Unlike other membrane proteins, KEULE-GFP does 

not seem to be trafficked through the TGN towards the plane of cell division. It did not 

colocalise with the TGN markers VHAa1-mRFP and SYP61-CFP (App. 3 Figure 1; App. 4 

Figure S1; Dettmer et al., 2006; Drakakaki et al., 2012). This points to a TGN-independent 

recruitment of KEULE-GFP to the cell plate. 

http://www.ncbi.nlm.nih.gov/pubmed/26700031
http://www.ncbi.nlm.nih.gov/pubmed/26700031
http://www.ncbi.nlm.nih.gov/pubmed/26700031
http://www.ncbi.nlm.nih.gov/pubmed/26700031
http://www.ncbi.nlm.nih.gov/pubmed/26700031
http://www.ncbi.nlm.nih.gov/pubmed/26700031
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Immobilised KNOLLE bound native KEULE extracted from non-dividing Arabidopsis 

tissues better than from dividing tissues (App. 3 Figure 1). This indicates regulation of the 

KEULE-KNOLLE interaction does not just dependent on the pure presence of KNOLLE 

during mitosis/cytokinesis. Consistently, the movement and sorting behaviour of KNOLLE-

YFP and KEULE-GFP at the cell plate differs. KNOLLE-YFP (Völker et al., 2001) and its 

close homologue SYP121-GFP (Collins et al., 2003) do not localise predominantly to the 

leading edges at the end of telophase like KEULE-GFP, but their localisation at the cell plate 

is rather uniform throughout cytokinesis. These proteins also vary in their removal from the 

cell plate. Whereas KNOLLE gets delivered to the vacuole, SYP121 and KEULE follow a 

different path (App. 3 Figure 2). Furthermore, the delivery of KEULE but not KNOLLE to 

the cell plate was perturbed in a TRAPPII mutant, trs120-4. Interestingly, an exocyst mutant 

exo84b-2 had no influence on the recruitment of KEULE to the cell plate. Consistently, 

KEULE colocalised with PUBQ::TRS120-mCherry, a TRAPPII subunit, but not with SEC6-

mRFP, an exocyst subunit, throughout cytokinesis (App. 3 Figure 3). This indicates that the 

TRAPPII tethering complex is required for correct sorting of KEULE at the cell plate. The 

sorting behaviour of KEULE to, at and from the cell plate differs compared to the cytokinesis-

specific syntaxin KNOLLE. 

To test whether microtubules drive membrane dynamics at the cell plate or vice versa, the 

ability to reorganise to the leading edge of the cell plate was analysed with representative 

markers. In agreement with the broadly accepted view, the relocalisation of the microtubule 

marker GFP-PLEIADE to the leading edges at the transition from the solid to the ring-shaped 

phragmoplast stage occurred faster than that of the membrane markers KEULE-GFP and 

TRS120-GFP. Even though microtubule translocation precedes membrane displacement at the 

cell plate, the transport of KEULE-GFP to the plate and the distribution during cytokinesis 

over the plate was not altered in hikG235 and ple-4 mutants (Table 1), which have been shown 

to affect phragmoplast array organisation (App. 3 Figure 4; App. 4 Figure S2). Microtubule 

reorganisation precedes membrane translocation at the cell plate. Microtubule-related proteins 

do not change the localisation patterns of KEULE. 

Thorough analysis of both microtubule-related mutants, hikG235 and ple-4, revealed defects in 

phragmoplast reorganisation from the solid to the ring-shaped stage in telophase cells. Cell 

plate formation was normal in both mutants (App. 3 Figure 5). In addition, we monitored 

phragmoplast array organisation and cell plate formation in two further microtubule-related 

mutants, clasp1-1 and mor1-1 (temperature-sensitive) (Table 1). clasp1-1 did not show any 
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defect in phragmoplast reorganisation or in cell plate formation. By contrast, mor1-1 

exhibited partially reorganised phragmoplasts in 36.2% telophase cells. Of the four 

microtubule-related mutants we analysed, mor1-1 mutants were the most severely affected in 

cell plate formation (App. 3 Table 1; App. 4 Figure S3). Surprisingly, the membrane-related 

keule mutants, which had strong cell plate defects, as confirmed by focused ion 

beam/scanning electron micrographs (FIB/SEM) analysis, had a severe defect in reorganising 

phragmoplast microtubules in telophase cells: 86% of keule phragmoplasts were still solid in 

telophase cells (App. 3 Figure 6; App. 4 Figure S4). This defect seems to be independent of 

cell plate formation. Cell plates, monitored with anti-KNOLLE, were fully assembled in 78% 

of cases in keule mutants (App. 3 Table 1; Figure 6). Cell plate formation was most impaired 

in mor1-1 mutants and keule displayed the most severe impairment in phragmoplast 

reorganisation. 

In conclusion, KEULE-GFP appears in the cytosol during interphase and localises to the cell 

plate during cytokinesis. The behaviour of membrane proteins, including KEULE, is 

differential at the cell plate. KEULE-GFP seems not to be recruited to the cell plate via the 

TGN, but rather from the cytosol. The recruitment of KEULE-GFP to the cell plate appears to 

be controlled by the TRAPPII but not the exocyst tethering complex. A comparison of 

cytokinesis-defective mutants revealed that, among microtubule-related mutants, cell plate 

assembly was most disturbed in mor1-1 mutants. Among all mutants tested, phragmoplast 

reorganisation was most severely impaired in keule mutants. In addition to its well 

documented role in membrane fusion (Waizenegger et al., 2000; Park et al., 2012), KEULE 

appears to play an important role in the reorganisation of the phragmoplast microtubule array.  

Contributions to Publication 2 

In this publication Farhah Assaad and I designed the experiments. All of the live imaging with 

the confocal laser scanning microscopy, with the exception of Figure 3A and Figure S2 (A-

D), were performed by myself. The imaging of the fixed samples and the resulting numbers 

for the table was the cumulative effort of myself and former students in the laboratory of 

Farhah Assaad. I performed environmental scanning electron microscopy with the help of Eva 

Facher. The KEULE-GFP construct was carried out by Lin Müller; I carried out the 

complementation assay and the localisation analysis of KEULE-GFP in wild-type and mutant 

backgrounds. The 3D reconstructions of Focused Ion Beam/Scanning Electron Microscope 

micrographs were carried out by myself. Farhah Assaad and I did the data analysis. I prepared 

the figures and movies, critically appraised the manuscript and gave input for the writing. 
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2.3. Publication 3: Cell-cycle regulated PLEIADE/AtMAP65-3 links membrane 

and microtubule dynamics during plant cytokinesis (Appendices 5-6) 

Summary of Publication 3 

The third manuscript described in this thesis, cell-cycle regulated PLEIADE/AtMAP65-3 links 

membrane and microtubule dynamics during plant cytokinesis, was accepted by The Plant 

Journal in June 2016. 

It is known that a large quantity of stable microtubule plus ends terminate in the cell plate 

assembly matrix. Around 30% of these stable plus ends are in the vicinity of the cell plate, at 

a fixed distance of ~ 30 nm (Austin et al., 2005). This is within the range of less than 50 nm 

where microtubule plus ends have been shown to be captured from the plasma membrane 

(Small and Kaverina, 2003). These findings point to an anchoring mechanism for 

microtubules at the cell plate, but the actual link between this membrane compartment and the 

cytoskeleton is still missing. 

Immunoprecipitation experiments with mass spectrometry readout were conducted with 

membrane proteins as baits to discover possible links between membranes and microtubules 

at the division plane. The resulting dataset was mined for microtubule-associated proteins. We 

used three membrane proteins as baits, KEULE and the two plant-specific TRAPPII subunits; 

these were selected on the basis that their localization dynamics closely followed 

phragmoplast microtubule translocation throughout cytokinesis. Various KEULE fusions did 

not yield any significant microtubule-related result in dividing or non-dividing tissue. 

However, several tubulin isoforms and some plus end microtubule tracking proteins co-

purified with the two TRAPPII subunits (App. 5 Table I; App. 6 Table S2). In addition the 

microtubule-associated protein 65 (MAP65) family, which plays an important role in 

bundling microtubules during cytokinesis in vitro (Gaillard et al., 2008; Smertenko et al., 

2004), was also identified in the screen. AtMAP65-1 was significantly enriched in the 

immunoprecipitations of both TRAPPII subunits TRS120-GFP and CLUB-GFP. 

Additionally, it had a significant enrichment over the control and the co-expression 

coefficients were positively correlated to the TRAPPII subunits (App. 5 Table I; App. 6 

Figure S1; Table S2). For subsequent experiments we focused on the MAP65 family.  

AtMAP65-1, AtMAP65-2 and PLEIADE/AtMAP65-3 are known to act redundantly during 

cytokinesis (Sasabe et al., 2011a). To confirm the mass spectrometry result, we conducted 

binary interaction assays (yeast two-hybrid and bimolecular fluorescence complementation). 
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In our hands, full-length CLUB/AtTRS130 and AtTRS120 were poorly expressed in yeast, so 

truncations for each specific TRAPPII subunit were constructed. These truncations were 

generated after a phylogenetic analysis. A yeast two-hybrid assay revealed the interaction 

between PLEIADE/AtMAP65-3 and the plant specific fragment C3 of CLUB/AtTRS130, but 

not the other two fragments C1 and C2. Bimolecular fluorescence complementation assays 

corroborated binary interaction between the C3 CLUB truncation and the full length TRS120 

with AtMAP65-1 and PLEIADE/AtMAP65-3. Interestingly, this interaction was localised to 

structures that resembled cortical microtubules, while the interaction of AtTRS120 with 

CLUB/AtTRS130 was localised to the cytosol and plasma membrane (App. 5 Figure 1). 

Binary interactions confirm the connection between TRAPPII and MAP65 family. 

For a genetic interaction we focused on PLEIADE/AtMAP65-3 of the MAP65 family because 

its phenotype resembled most the one of other cytokinesis-specific mutants such as keule and 

TRAPPII (Smertenko et al., 2004). A hypomorphic, viable ple-2 allele was crossed with a null 

seedling-lethal allele of AtTRS120. Analysis of ple-2 trs120-4 double mutants showed a 

synergistic enhancement of the percentage of cells with incomplete cross walls in hypocotyl 

cells as compared to trs120-4 and ple-2 single mutants (App. 5 Figure 2). Furthermore, 

TRS120-mCherry co-localised with GFP-PLEIADE throughout cytokinesis, with both 

constructs reorganising towards the leading edges of the cell plate (App. 5 Figure 3; App. 6 

Figure S2). ple-2 trs120-4 double mutants show a synergistic genetic interaction and 

fluorescently tagged proteins of PLEIADE/ATMAP65-3 and AtTRS120 colocalise 

throughout cytokinesis. 

Mutation at the TRAPPII locus had no influence on the delivery or localisation of 

PLEIADE/AtMAP65-3 to or at the cell plate. Conversely, mutation at the 

PLEIADE/AtMAP65-3 locus also did not markedly perturb the appearance of TRAPPII at the 

cell plate: TRS120-GFP resided on the cell plate and relocalised to its leading edges correctly 

in ple-4 mutants. The more diffuse appearance of the cell plate localisation in ple-4 mutants 

could also be seen with the FM4-64 stain and is presumably due to the larger midzone 

characteristic of pleiade mutants (App. 5 Figure 4). TRAPPII does not act as a direct anchor 

for PLEIADE/AtMAP65-3 at the cell plate and PLEIADE/AtMAP65-3 is not required for the 

recruitment of TRAPPII to the cell plate. 

Since TRAPPII and PLEIADE/AtMAP65-3 had no influence on each other’s localisation 

pattern during cytokinesis, we focused more thoroughly on the genetic interaction. ple-2 

trs120-4 double mutants showed interesting accumulations of four or more nuclei in the 
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absence of even rudimentary cell walls. A twenty-fold enhancement of four or more nuclei in 

one cell was seen in the double mutants compared to ple-2 single mutants. In trs120-4 

mutants at least rudimentary cross walls were always found. This result points to the 

uncoupling of the nuclear cycle and cytokinesis in the double mutants. The absence of even 

vestigial cell walls in focused ion beam/scanning electron micrographs of ple-4 single mutants 

reinforced this result of an uncoupling of the nuclear cycle and cytokinesis (App. 5 Figure 5).  

We tested our hypothesis that the role of this interaction is to transmit cell cycle cues to the 

cell plate membranes. We expected additional phenotypes of the TRAPPII mutants, similar to 

those of NtMAP65 mutants in tobacco that are insensitive to cell cycle cues. The non-

phosphorylatable NtMAP65 mutants are not able to correctly reorganise the phragmoplast 

microtubules (Sasabe et al., 2006). Interestingly, the TRAPPII mutants have similar problems 

to correctly reorganise the phragmoplast microtubules from the solid to the ring-shaped 

phragmoplast stage (App. 6 Figure S3). The phenotype of TRAPPII mutants resembles the 

phenotype of non-phosphorylatable NtMAP65-1 mutants. 

In conclusion, several lines of evidence point to an interaction between the TRAPPII tethering 

complex and members of the MAP65 family. This interaction has no influence on either the 

anchoring of PLEIADE/AtMAP65-3 at the cell plate or on the delivery of AtTRS120 to the 

cell plate. We propose that this interaction might integrate membrane dynamics with 

microtubule dynamics and cell cycle cues.  

Contributions to Publication 3 

With the help of Farhah Assaad I designing the experiments for this work. For the binary 

interaction assays I prepared the constructs and Heather E. McFarlane (Bimolecular 

fluorescence complementation) and Melina Altmann (Yeast Two-Hybrid) performed the 

experiments. For the mass spectrometry screen, I did the biochemical work (Co-

Immunoprecipitation, Western Blot) with the KEULE protein, which in the end did not show 

significant results. The screen was continued with the TRAPPII pull downs (performed by 

Katarzyna Rybak). I obtained the double mutants and analysed them with the help of Farhah 

Assaad and Eva Facher. The confocal laser scanning microscopy of live and fixed samples 

except Figure 1C was performed by me as well as the 3D reconstructions of FIB/SEM 

micrographs. For this publication I performed the majority of the data analysis, prepared the 

figures and movies and assisted in writing the manuscript. 
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3. Discussion 

3.1. Role of TRAPPII and exocyst tethering complexes during cytokinesis 

Sequential origin of the cell plate 

Taken together, our data supports a sequential model for the origin of the cell plate. The two 

tethering complexes TRAPPII and exocyst are assigned to tether vesicles at the TGN/EE 

(TRAPPII) or at the plasma membrane (exocyst). Therefore, the localisation and function of 

both complexes during cytokinesis gives a good prediction of the cell plate identity for each 

developmental stage. There are four stages of cell plate development during plant cytokinesis: 

initiation, biogenesis, expansion and maturation (Figure 6). Our findings pertaining to the two 

tethering complexes indicate that the cell plate is mainly a TGN/EE compartment, with some 

exceptions towards the end of cytokinesis. The sole localisation of the exocyst complex at the 

initiation step is no definite evidence for an additional plasma membrane identity of the cell 

plate at the onset of cytokinesis. The change between the tethering complexes might be the 

reason for the alteration in polysaccharide composition, because the complexes tether vesicles 

with different cargo derived from different origins. Further evidence that the cell plate arises 

from Golgi-derived vesicles, is the positive cell plate staining throughout cytokinesis of JIM7, 

a methyl-esterified pectin. Methyl-esterified pectins are synthesised in the Golgi and 

thereafter deposited in a highly esterified form in the cell wall (Clausen et al., 2003).  

Contrary to our findings, Dhonukshe et al. (2006) reported that endocytosis significantly 

contributes to cell plate formation. This would suggest that the cell plate is rather a plasma 

membrane than a TGN/EE compartment. However, some endocytosis experiments in 

Dhonukshe et al. (2006) are based on the amphiphilic dye FM4-64. The dye is often used for 

endocytic experiments, but the results have to be analysed with caution. FM4-64 does not 

exclusively stain endocytic vesicles and compartments but also, after 15 min, already Golgi 

stacks and other compartments (Bolte et al., 2004). Consistently, FM4-64 was shown to label 

TGN/EE-assigned compartments before it labels PVC-assigned compartments in Arabidopsis 

roots (Chow et al., 2008). The difference between the positive cell plate staining of JIM7 by 

our group compared to the negative cell plate staining by Dhonukshe et al. (2006) could be 

due to the different plant systems they were obtained. Our group used Arabidopsis root tips in 

contrast to tobacco BY-2 suspension cells used by Dhonukshe et al. (2006). Additionally, 

Dhonukshe et al. (2006) showed colocalisation of GNOM, an Arf-GEF of the recycling 

endosome and some pre-vacuolar compartment (PVC) markers such as Rab-F2 with 
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KNOLLE at the cell plate. It is not clear what kind of tissue was used for these experiments. I 

guess that the GNOM immunostaining experiments were conducted in fixed Arabidopsis root 

cells and the experiments with the PVC markers maybe in tobacco BY-2 cells. However, live 

imaging by Chow et al. (2008) with the same markers and additional PVC markers such as 

GFP-BP80 could not verify these observations in Arabidopsis root cells. Immunostaining can 

be a powerful tool in cell biology, however, it is prone to produce artefacts without the right 

controls and the sufficient number of biological replicates. Furthermore, additional studies 

concur with our results that the secretory pathway is the predominant source of vesicles for 

cell plate formation. For instance, the inhibition of TGN/EE trafficking via concanamycin A 

treatment leads to cytokinesis defects while sole impairment of endocytosis with wortmanin 

shows no cell plate formation defect (Reichardt et al., 2007).  

Towards the end of cytokinesis the cell plate matures into a cross wall and starts to exhibit a 

plasma membrane identity. We show that a cell wall AGP glycan marker (Moller et al., 2008)   

labels cell plates after insertion into the lateral wall. Consistently, mutants of a multivesicular 

body-localised ESCRT-I sorting complex subunit show cytokinesis defects (Spitzer et al., 

2006). Otegui et al. (2001) states that approximately 70% of the cell plate is removed during 

maturation. This recycling process from the cell plate is most likely executed by the ESCRT 

machinery (Van Damme et al., 2008). The involvement in the recycling of juvenile traits from 

the cell plate could explain the cytokinesis-related phenotype of ESCRT I. Additionally, 

during cell plate maturation pectins and xyloglucans from the parental cell wall and proteins 

derived from the plasma membrane occur at the maturing cell plate (Baluska et al., 2005; Van 

Damme et al., 2011). Furthermore, after cell-plate insertion, KNOLLE localization at the cell 

plate depends on correct sterol-dependent endocytosis (Boutté et al., 2010). 

Tethering factors contribute to the specificity of vesicle trafficking. 

Specificity in vesicle trafficking is determined at numerous steps: budding of the donor 

membrane, transport, contact and fusion with the target membrane. Various distinct coat 

proteins and Arf GTPases form transport vesicles at the donor membrane (Schekman and 

Orci, 1996; Vernoud et al., 2003). Vesicle transport is mediated via microtubule-associated 

proteins (MAPs) such as motor proteins (Jürgens, 2005). At the target membrane, tethering 

factors promote the first specific contact. In our case, the TRAPPII specifically tethers TGN-

vesicles and the exocyst plasma membrane vesicles. Actual fusion of the membranes is 

accomplished by SNARE proteins and assisted by SM-proteins. The large number of SNARE 

proteins, with compartment-specific localisation, points to an important role of SNARE 
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proteins in determining the specificity at the target membrane (Lipka et al., 2007). Several 

lines of evidence, however, suggest that SNARE proteins do not suffice to ensure the 

specificity. For example, during periods of polarised growth in yeast, plasma membrane 

SNAREs, Sso1p and Sso2p, fuse vesicles to specific parts of the membrane, even though the 

SNAREs are distributed over the entire plasma membrane (Brennwald et al., 1994). Similarly, 

the cytokinesis-specific t-SNARE KNOLLE is localised over the entire cell plate, while the 

TRAPPII tethering complex relocalises to the growing part of the cell plate. Although 

localisation does not provide definite evidence for the function of a protein, it still gives a hint 

as to where the protein or complex is required. Additionally, SNAREs form random 

complexes in vitro (Yang et al., 1999). This indicates that additional mechanisms such as 

tethering are crucial for the specificity of vesicle trafficking. 

The TRAPPII and exocyst are required at different stages of cell plate development (Figure 6) 

The physical contact between both tethering complexes and the observation that TRAPPII 

sorts the exocyst suggests that there might be some form of coordination between the two 

complexes. In addition, the sequential localisation of the two complexes during cytokinesis 

and the different mutant phenotypes led us to propose a “relay race” model (Figure 6). Both 

complexes act at different stages during cytokinesis and coordinate transitions via a transient 

interaction. According to their localisation pattern, both complexes may be required for the 

regulation of cell plate initiation (Figure 6A). Subsequently, the TRAPPII complex gives the 

cell plate a juvenile TGN identity and drives the biogenesis and expansion of the cell plate 

(Figure 6B-C). The maturation from a TGN/EE to a plasma membrane compartment is 

promoted by the exocyst complex. The cell plate loses its juvenile traits, including the 

removal of KNOLLE at the late ring-shaped phragmoplast stage (arrowhead) (Figure 6 D). 

During the phragmoplast assembly stage, all exocyst subunits showed a bright signal at the 

cell plate (Figure 6A). This made us speculate about a role of exocyst during initiation of 

cytokinesis. In favour of a role during initiation, electron tomographs showed vesicles being 

tethered in the very beginning of cytokinesis by exocyst resembling tethering molecules. 

(Seguí-Simarro et al., 2004). However, these structures could also be different tethering 

complexes or proteins. To verify these structures as exocyst positive complexes, 

immunostaining with nanogold-antibodies against exocyst epitopes would, for instance, be 

required. Mutant analysis of exo70a1 also suggest a possible involvement of exocyst during 

initiation of cytokinesis. Aberrant, donut-shaped FM4-64 positive structures were identified in 

early stages of cytokinesis, but normal cell plates were found during later stages (Fendrych et 
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al., 2010). The aberrant, donut-shaped structures might be vesicles or FM4-64 stained 

compartments around the division plane and not yet cell plate initials. From my personal 

experience, I know it is hard to find cells that are going to divide in mutants. Without the 

appropriate cell plate marker, such as KNOLLE, and sufficient optical resolution it is hard to 

distinguish cell plate initials from other vesicles or compartments around the division plane. 

Additionally, the timing is very important when you want to catch the exact same moment of 

cell plate initiation in wild type and mutant cells. Without a marker such as tubulin, it is 

difficult to pinpoint the start of the cell plate formation. A combination of a FM4-64 stain 

with a KNOLLE fusion protein as a cell plate marker and a tubulin fusion protein should 

clarify, if the donut-shaped FM4-64 structures are cell plate initials. A correct initiation of 

cytokinesis has to be coordinated with the cell cycle machinery. In Saccharomyces cerevisiae, 

cell-cycle-dependent phosphorylation of EXO84 inhibits the assembly of the exocyst complex 

and thus may coordinate the cell cycle and the initiation of cytokinesis (Luo et al., 2013). Our 

results suggest that in plants the TRAPPII tethering complex is involved in the coordination 

of cell cycle cues with cytokinesis. Whether or not the exocyst tethering complex is also 

required in this context in plants remains to be determined. 

Confocal and electron microscopy analyses verified the importance of the TRAPPII complex 

in cell plate biogenesis. Patchy or incomplete cell plates and cross walls were identified in 

meristematic root cells of TRAPPII mutants in Arabidopsis thaliana. Contrary to the cell plate 

localisation of the methyl-esterified pectin JIM7, in the wild type, no signal was detectable in 

club-2/trs130-2 mutants. TRAPPII additionally localised to the rapid expanding parts of the 

cell plate. The TRAPPII signal first accumulates at the centre of the division plane, where the 

first membrane fusions take place. Subsequently, TRAPPII relocalises to the actively growing 

leading edges of the cell plate. 

In addition to the possible involvement of the exocyst complex during cell plate initiation at 

the onset of cytokinesis, more solid evidence points to involvement of the exocyst in the 

maturation of the cell plate. The exocyst complex localises to the insertion sites and to already 

expanded parts of the cell plate. Additionally, KNOLLE gets prematurely removed from 

telophase plates in exo84b-2 mutants compared to FM4-64 and TRS120-GFP, which behaved 

normally. The removal of KNOLLE can be seen as one of the first steps of maturation from a 

cell plate to a cross wall. Another line of evidence is the altered relative content of some 

polysaccharides, namely methyl-esterified pectins and AGP glycans, in the cell plates, cross 

walls and lateral walls in exo84b-2 mutants.  
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Figure 6 “Relay Race” model for the sequential but overlapping action of the TRAPPII and exocyst. Four 

stages of cytokinesis (A-D).               

(A) Two opposite sets of phragmoplast microtubules arise from former spindle microtubules. A ‘Golgi-belt’, 

consisting of the Golgi apparatus and trans-Golgi network/early endosomes (TGN/EE) surrounds the division 

plane. Right after arrival, vesicles fuse to dumbbell-shaped cell plate initials (arrow).        

(B) The microtubules arrange into a barrel-like structure at the solid phragmoplast stage and further fusion 

initiates cell plate biogenesis within a cell plate assembly matrix.         

(C) The cell plate expands centrifugally towards the lateral cell walls. The phragmoplast microtubules reorganise 

into a ring-shaped pattern surrounding the expanding cell plate.           

(D) Cell plate maturation occurs upon insertion into the parental cell walls. The cell plate loses its juvenile traits, 

including the removal of KNOLLE (arrowheads).            

(E) The mature cell plate, namely the cross wall, divides the cell into two daughter cells, flanked on either side 

by plasma membranes.                 

In our “relay race” model, we assume that both tethering complexes, TRAPPII (green bar) and exocyst (purple 

bar), are required for the initiation of cytokinesis. Thereafter, cell plate biogenesis and expansion are driven by 

the TRAPPII complex, while the exocyst seems to be required towards the end of cytokinesis for the maturation 

of the cell plate. Adapted from (Seguí-Simarro et al., 2004) with permission from the American Society of Plant 

Biologists). 

 

Relevance of the sequential function of tethering factors in other kingdoms 

Although plant cytokinesis differs from cytokinesis in animals and fungi, we postulate that the 

TRAPPII and exocyst tethering complexes sequentially coordinate cytokinesis in other 

kingdoms. In Drosophila, for example, the two complexes are also required sequentially 

during cytokinesis. Cleavage furrow ingression is disturbed in a TRS120 ortholog, the bru 
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mutant (Robinett et al., 2009). Towards the end of cytokinesis, the exocyst is required for 

secretory vesicle-mediated abscission at the midbody (Gromley et al., 2005; Neto et al., 

2013). Additionally, mutant analysis showed that exocyst is involved in cell separation during 

the final steps of cytokinesis rather than processes during early stages of cytokinesis in fission 

yeast (Wang et al., 2002). The exocyst traffics enzymes to the medial region, which digest the 

primary septum after the cell wall is completed and the cell membranes have closed (Martín-

Cuadrado et al., 2005). A recent study in fission yeast showed that the TRAPPII complex 

tethers secretory vesicles at the cleavage furrow and the exocyst vesicles at the rim of the 

division plane. In the same study, both complexes also show overlapping localisation during 

ring maturation; however, the localisation of both complexes seems to be independent of each 

other (Wang et al., 2016). Based on localisation studies and mutant analysis, Wang et al. 

(2016) rule out physical interaction between both complexes in fission yeast. However, the 

interaction between both complexes might also be transient, similar to the mechanism in 

plants. Further interaction assays have to be conducted to verify or rule out the interaction 

between both complexes in fission yeast. 

Taken all together, the cell plate is a distinct compartment that arises mainly from TGN/EE-

derived vesicles and matures into a cross wall, flanked by plasma membranes on each side. 

The tethering complexes contribute to the specificity of vesicle trafficking throughout 

cytokinesis. Furthermore, the transitions through the different stages of cell plate development 

are coordinated by the sequential yet overlapping work of two tethering complexes. This 

sequential coordination seems not just to be true for plant cytokinesis, but also quite likely for 

cytokinesis in other kingdoms. 

3.2. The TRAPPII tethering complex is required for sorting at the cell plate  

Sorting at the cell plate 

Proteins are sorted actively to, at and from the cell plate. In addition to its role during cell 

plate biogenesis, the TRAPPII complex is required for this differential sorting. Active sorting 

stands in contrast with the assumption that the cell plate acts as a sink for plasma membrane 

proteins. Müller et al. (2003) and Reichardt et al. (2007, 2011) documented that newly 

synthesised plasma membrane syntaxins, SYP121, SYP112 and SYP132, under the control of 

the cytokinesis-specific KNOLLE promoter, are directed to the cell plate. This favours the 

assumption that trafficking via the TGN/EE may be by default, polarised toward the division 

plane rather than the plasma membrane during cytokinesis (Touihri et al., 2011). However, 
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our analysis of the dynamics of several plasma membrane proteins and polysaccharides in 

TRAPPII mutants compared to the wild type contradicts this assumption of the cell plate as a 

sink. Plasma membrane proteins and polysaccharides are differentially localised to the cell 

plate, cross wall, plasma membrane or mature cell wall in the wild type. In TRAPPII mutants, 

the ability to differentially sort proteins appears to be lost. The plasma membrane proteins 

localise to the cell plate and other compartments with equal intensity in club-2/trs130-2 

mutants. For this analysis, cell plates were selected, which were normally assembled, so that 

mislocalisation due to cell plate defects could be excluded. Other cytokinesis-defective 

mutants did not show a comparable sorting problem. One explanation could be that proteins 

have to pass through the TGN/EE to reach the plasma membrane. If this passage is blocked, 

proteins simply accumulate in endomembrane compartments in the TRAPPII mutants. 

Consistently, Golgi transport to the cell wall has been shown to be impaired in TRAPPII 

mutants (Qi et al., 2011). However, proteins could still be transported to the plasma 

membrane via unconventional protein secretion. Proteins transported to the plasma membrane 

via unconventional secretion either lack a signal peptide or bypass the Golgi apparatus, 

despite their signal peptide. Unconventional protein secretion occurs mainly but not 

exclusively upon pathogen attack or under stress conditions (Ding et al., 2014). Even though 

we cannot exclude the explanation that most proteins have to pass through the TGN/EE, this 

cannot explain the highly differential sorting we observe. The specific appearance of the 

exocyst subunits as clouds around the cell plate, which is disrupted in club-2/trs130 mutants, 

indicates a more direct influence of the TRAPPII complex on protein sorting. The cell plate 

appears as a transient compartment with a distinct identity to the nascent cross wall or mature 

plasma membrane. 

Sorting of KEULE at the cell plate 

The TRAPPII complex rather than the exocyst complex seems to be required for the sorting 

of the SM protein KEULE at the cell plate. Localisation at the cell plate of KEULE is 

perturbed in trs120-4 mutants, but not in exo84b-2 mutants. However, a possible regulation of 

KEULE through the exocyst cannot be totally excluded. Sec6, a subunit of exocyst, was 

shown to interact with KEULE (Wu et al., 2013). With respect to the cytokinesis-related 

defects of exo84b-2 rather than the gametophytic lethal phenotype of sec6 (Fendrych et al., 

2010; Wu et al., 2013), our mutant analysis was carried out with exo84b-2. The exo84b-2 

single mutants show a strong seedling lethal phenotype, but rather weak cellular cytokinesis-

specific defects. We detected no cell wall stubs or bloated cells in Arabidopsis root tips in 
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exo84b-2 single mutants. Additionally, just 2% of the leave cells of exo84b-2 single mutants 

analysed by Fendrych et al. (2010) exhibited cell wall stubs. Maybe the exo84b-2 single 

mutant is not enough to see an effect on the sorting behaviour. In light of the multiple 

paralogs of exocyst subunits in Arabidopsis thaliana (Table 3), a double or triple mutant 

analysis or experiments with mutants of other subunits of the exocyst complex might be 

required. Alternatively, both complexes could work again sequentially in sorting KEULE. 

The TRAPPII complex could solely be required for sorting at the cell plate. The transport of 

KEULE to the cell plate could be TRAPPII-independent, as KEULE does not localise to 

TGN/EE compartments. TRAPPII, on the other hand, mainly tethers TGN/EE vesicles. In 

addition, KEULE and TRAPPII predominantly colocalise on the cell plate throughout 

cytokinesis. The exocyst could be required for the recruitment of KEULE to the plasma 

membrane. Both the exocyst and KEULE are needed for polarised secretion in tip growth 

(Assaad et al., 2001; Hála et al., 2008). 

Similarities of TRAPPII with other proteins required for sorting 

TRAPPII and ECHIDNA, a protein required for sorting at the TGN/EE (Gendre et al., 2011), 

show similar sorting properties. The Arabidopsis ECHIDNA is thought to be involved in 

formation of secretory vesicles at the TGN/EE and secretion of polysaccharides and newly 

synthesised proteins to the plasma membrane (Boutté et al., 2013; McFarlane et al., 2013). 

ECHIDNA, like TRAPPII, differentially sorts proteins. ECHIDNA, for example, is required 

for trafficking of the auxin influx carrier AUX1, but not the auxin efflux carrier PIN3 (Boutté 

et al., 2013; McFarlane et al., 2013). Similarly, TRAPPII influences the localisation of AUX1 

and PIN2, but not PIN1, in root tips (Qi and Zheng, 2011; Qi et al., 2011).  

In conclusion, the cell plate is not a sink for plasma membrane proteins during cytokinesis, 

but rather a distinct compartment where active sorting occurs. The TRAPPII complex is 

required for differential sorting at the cell plate. 

3.3. Re-evaluating the interaction between KEULE and KNOLLE  

The interaction between the SM protein KEULE and the cytokinesis-specific syntaxin 

KNOLLE is crucial for vesicle fusion during cytokinesis. Aside from stabilizing the open 

form of KNOLLE (Park et al., 2012), it seems that KEULE might have some additional 

functions during cytokinesis and other cellular processes. This is reflected by the differential 

appearance and dynamics of KNOLLE and KEULE during cytokinesis. For example, 

KNOLLE appears in a punctate manner at the onset of cytokinesis, resembling the signal of 
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TGN/EE compartments (Chow et al., 2008). In contrast, KEULE expressed from its 

endogenous promoter is localised to the cytosol and does not colocalise with two TGN/EE 

markers. Our data are consistent with the observation that another TGN marker and 

PKNOLLE::KEULE-HA do not colocalise (Park et al., 2012). Our observation concerning 

KEULE’s cytosolic localisation differs from the exclusive cell plate localisation described by 

Wu et al. (2013), and from the punctate appearance described by Park et al. (2012). However, 

both laboratories did not use endogenously expressed KEULE, but fusion proteins expressed 

under the control of either the 35S promoter (Wu et al., 2013) or the KNOLLE promoter 

(Park et al., 2012). This could be the reason for the different localisation patterns. 

Furthermore, KEULE and KNOLLE differ in their response to BFA treatment. At the end of 

cytokinesis, KNOLLE accumulates in BFA compartments, while KEULE is insensitive to this 

traffic inhibiting drug (Reichardt et al., 2007; Park et al., 2012). Another difference between 

both proteins is the dependence of KEULE on TRAPPII for trafficking at the cell plate. 

KNOLLE seems to be TRAPPII-independent. Furthermore, the localisation dynamics at the 

cell plate differs between both proteins. Whereas KNOLLE is distributed evenly over the 

expanding cell plate, KEULE largely relocalises to the leading edges. Additionally, towards 

the end of cytokinesis KNOLLE is delivered to vacuoles and degraded (Reichardt et al., 

2011), while KEULE seems to be degraded in a different way. In contrast to KNOLLE, 

KEULE appears also to be involved in other cellular processes, such as polarised secretion 

during tip growth. keule mutants show a defective root growth phenotype (Assaad et al., 

2001; Söllner et al., 2002). Consistent with the fact that SNAREs can randomly bind other 

SNAREs in vitro (Yang et al., 1999), the SM protein KEULE is also able to bind other t-

SNAREs such as the plasma membrane t-SNARE SYP121 (Karnik et al., 2015).  

Taken together, KEULE seems to be involved in cellular processes other than facilitating the 

formation of a trans-SNARE complex by binding the cytokinesis-specific syntaxin KNOLLE.  

3.4. Phenotypic analysis of cytokinesis-defective mutants 

Cell plate formation and phragmoplast reorganisation in microtubule-related mutants 

Cytokinesis-defective mutants are in general characterised by cell wall stubs, multinucleate 

cells, bloated cells and seedling lethality. The severe impairment in their morphogenesis and 

their pleiotropic phenotypes makes it difficult to assign a primary defect to a specific mutant. 

Our comparative and quantitative analysis concentrated on the formation of the cell plate and 

the organisation of the phragmoplast. Of four microtubule-related mutants, hinkel, pleiade, 
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clasp-1 and mor1-1 (Table 1), mor1-1 showed the greatest impairment in cell plate formation 

and phragmoplast organisation. Cell plate defects in mor1-1 mutants have already been 

reported (Whittington et al., 2001; Eleftheriou et al., 2005; Kawamura et al., 2006), but no 

quantitative analysis and comparison to other microtubule-related mutants had been 

conducted. Interestingly, clasp-1, which is also impaired in preprophase band organisation 

(Ambrose et al., 2007), did not show comparable cell plate formation or orientation defects as 

mor1-1. The involvement of hinkel and pleiade in phragmoplast organisation and the similar 

canonical phenotype to the membrane-related keule led us to speculate that hinkel and pleiade 

might have a more pronounced cell plate defect. However, both did not show any defect in 

cell plate formation. Similar effects of microtubule-related mutants on cell plate formation 

have been reported for knock-outs or knock-downs of proteins involved in microtubule 

nucleation (Pastuglia et al., 2006; Zeng et al., 2009). Downregulation of three MAP65 genes 

also affected cell plate organisation in the moss Physcomitrella (Kosetsu et al., 2013). The 

redundancy of the MAP65 family at the cell plate in Arabidopsis thaliana (Sasabe et al., 

2011a) could be a reason why single mutant analysis of ple-4 (PLEIADE/AtMAP65-3) did 

not show a similar cell plate defect in our study.  

Phragmoplast reorganisation from the solid to the ring-shaped phragmoplast stage (Figure 2C-

D) was impaired in all microtubule-related mutants, except for clasp-1. mor1-1 showed again 

more severe defects than the other mutants, although it was the only mutant used in this study 

that was not a null mutant and that did not show seedling-lethality. The temperature-sensitive 

allele mor1-1 reveals a defect after two days at the restrictive temperature. We additionally 

used histological sections of embryos of some seedling lethal mutants, to obtain comparable 

amounts of cell divisions as in mor1-1. However, all experiments suggest that mor1-1 is the 

most impaired of the microtubule–related mutants in cell plate formation and phragmoplast 

reorganisation.  

Membrane-related keule mediates phragmoplast microtubule reorganisation 

The membrane-related mutant keule was even more impaired in reorganising the 

phragmoplast microtubules than mor1-1. Some studies already pointed to additional 

microtubule defects in cells treated with membrane-related drugs (Samuels and Staehelin, 

1996; Yasuhara and Shibaoka, 2000). The defect of keule mutants to reorganise the 

phragmoplast suggests a regulatory mechanism of the membranes on phragmoplast 

microtubules during cytokinesis. The cell plate assembly matrix has been postulated to act as 

a possible anchor for microtubule plus ends. A physical link between the cell plate and the 
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phragmoplast has been assumed, after fully intact phragmoplasts (cell plate with the two 

opposing sets of microtubules) have been isolated from synchronised, dividing BY-2 cells. 

Phragmoplasts can only resist these mechanical forces used to isolate them if they are 

connected to some sort of cell plate-associated structures (Kakimoto and Shibaoka, 1992; 

Seguí-Simarro et al., 2004). As an interactor of membrane proteins such as KNOLLE and 

SEC6, KEULE might act as the link between the membranes and the microtubules of the 

phragmoplast. However, our proteomic data contradicts this assumption. Neither MAPs nor 

tubulins have been identified as positive hits in KEULE immunoprecipitation experiments 

with mass spectrometry readout. How KEULE regulates phragmoplast reorganisation remains 

elusive and further research has to be conducted on this topic. One possible means of 

regulation could be via an interaction with the TRAPP II tethering complex, as KEULE was a 

reproducible hit in the CLUB-GFP immunoprecipitation.  

In Conclusion, microtubules and membranes are highly coordinated throughout cytokinesis. 

Some microtubule-related proteins have an effect on cell plate assembly and vice versa 

membrane-related proteins such as KEULE seem to be required for phragmoplast 

reorganisation in a yet unknown fashion. 

3.5. Interaction between microtubules and membranes 

Microtubule addition at the phragmoplast exceeds simple treadmilling 

The treadmilling model, where tubulin dimers are added at the dynamic plus end and 

depolymerised at the minus end, is challenged by findings of localisation patterns of plus end 

or minus end proteins. The plus-end tracking protein EB1 (Van Damme et al., 2004; Chan et 

al., 2005) and components of the γ-tubulin ring complex (Liu et al., 1994; Dryková et al., 

2003; Kumagai et al., 2003; Zeng et al., 2009) are localised throughout the phragmoplast, not 

just at their specific ends. Furthermore, fluorescence recovery after photobleaching 

experiments in tobacco BY-2 cells and in silico point to a more complex process in 

phragmoplast nucleation and maintenance than simple treadmilling from one end to the other 

(Smertenko et al., 2011). These findings suggest a model whereby microtubules do not have a 

specific nucleation site but get nucleated along pre-existing microtubules, at the surface of the 

forming nuclei and by free γ-tubulin ring complexes. The polarity is determined at the onset 

of phragmoplast assembly and the newly made microtubules adopt the polarity of the pre-

existing microtubules and thus maintain the asymmetry of the array (Smertenko et al., 2011).  
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Interdigitation of phragmoplast microtubules 

In Haemanthus katherinae endosperm cells it was shown that the phragmoplast consists of 

two anti-parallel, polar sets of microtubules overlapping in the midzone (Hepler and Jackson, 

1968; Euteneuer and McIntosh, 1980). A similar interdigitation was observed in chemically 

fixed caulonemal cells of the moss Physcomitrella patens (Hiwatashi et al., 2008) and in a 

subset of microtubules of cryofixed/freeze substituted cells of Arabidopsis thaliana (Ho et al., 

2011). The microtubule-associated protein, PLEIADE/AtMAP65-3, is able to cross-link anti-

parallel microtubules in vitro with its distinct C-terminal microtubule binding site (Ho et al., 

2011, 2012). In addition, it is localised in a narrow fashion to the phragmoplast midzone 

(Müller et al., 2004; Van Damme et al., 2004). This suggests that PLEIADE/AtMAP65-3 is 

required for crosslinking anti-parallel microtubules at the phragmoplast midzone. However, 

no overlap of anti-parallel microtubules was seen for the majority of the microtubules in 

cryofixed/freeze substituted somatic Arabidopsis thaliana cells. This was strengthened by the 

numerous occurrence of microtubules ending in this zone (Samuels et al., 1995; Otegui and 

Staehelin, 2000). The organisation of the phragmoplast microtubules might function in the 

same fashion as the organisation of the spindle microtubules. Some spindle microtubules are 

attached to the kinetochore of the chromatids, while others are crosslinked via motor proteins 

or MAPs with opposite spindle microtubules. This ensures that the opposite spindle halves 

stay attached, while the chromatids are separated (Bannigan et al., 2008; Zhang and Dawe, 

2011). The kinetochore could also be part of a stabilising mechanism for the spindle, as 

centrosomes are missing in plants (Bannigan et al., 2008). Similarly, different types of 

phragmoplast microtubules could organise the transitions during cytokinesis. Some 

microtubules might bundle with anti-parallel microtubules of the opposite phragmoplast half. 

PLEIADE/AtMAP65-3 could be responsible for crosslinking anti-parallel microtubules at the 

midzone while other microtubules deliver material and vesicles to the division plane. This 

could explain the interdigitation of some, but not all, microtubules at the phragmoplast 

midzone. 

TRAPPII and MAP65 family interaction 

Microtubule plus ends have been shown to be captured at a distance of less than 50 nm from 

the plasma membrane (Small and Kaverina, 2003). In the cell plate assembly matrix, non-

overlapping microtubule plus ends terminate approximately 30 nm from the cell plate (Austin 

et al., 2005). This suggests a mechanism in the cell plate or cell plate assembly matrix that 

links the phragmoplast microtubules to the cell plate membranes. KEULE seems to be 
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required in another way for phragmoplast reorganisation than as a physical link between 

microtubules and membranes. However, the interaction between the tethering complex 

TRAPPII and the microtubule-associated protein 65 (MAP65) family seems more likely to be 

the missing link between membranes and microtubules. The microtubule-associated protein, 

PLEIADE/AtMAP65-3, seems to be required for crosslinking anti-parallel microtubules at the 

phragmoplast midzone. Additionally, PLEIADE/AtMAP65-3 may also be needed for 

stabilising the phragmoplast and organising the transitions between the microtubule arrays. 

The transition between the arrays has to be coordinated with the cell plate. The TRAPPII 

tethering complex is required for biogenesis of the cell plate and sorting at the cell plate. 

Furthermore, TRAPPII relocalises to the expanding part of the cell in the same manner as 

phragmoplast microtubules. Multisubunit tethering complexes, such as TRAPPII, are able to 

tether vesicles in a range of 30 nm (Chia and Gleeson, 2014). This distance would be enough 

to interact with microtubules or MAPs in the cell plate assembly matrix. Co-

immunoprecipitation, binary interaction assays, synergistic genetic interaction, co-expression 

and colocalisation indicate a strong interaction between TRAPPII and the MAP65 family. 

However, localisation studies did not reveal TRAPPII as an anchor for PLEIADE/AtMAP65-

3 at the cell plate. Conversely, PLEIADE/AtMAP65-3 is also not required for the recruiting 

of TRAPPII to the cell plate. It seems that the interaction between TRAPPII and 

PLEIADE/AtMAP65-3 has a different purpose than to mediate the localisation of either 

protein or complex. 

3.6. Cell cycle-dependent regulation of microtubule array transitions  

The twenty-fold enhancement of clumped nuclei in ple-2 trs120-4 double mutants compared 

to ple-2 single mutants prompted us to look for a connection to the cell-cycle.  

Already during preprophase, microtubule-related proteins are regulated via cell cycle-specific 

kinases. In late prophase, cyclin-dependent kinase A (CDKA) is activated by cyclin B and 

thereafter localises to and promotes disassembly of the preprophase band (Figure 7A; Imajuku 

et al., 2001; Weingartner et al., 2001). Phosphorylation of microtubule-associated proteins 

(MAPs) by the CDKA kinase may have an inhibitory effect on their functions at the 

preprophase band. Also, preprophase band-associated motor proteins seem to be negatively 

cell cycle-dependent regulated through CDKA phosphorylation (Imajuku et al., 2001; 

Vanstraelen et al., 2006; Malcos and Cyr, 2011).  

The spindle assembly checkpoint (SAC) assures that all chromosomes are correctly oriented 

and attached to the spindle microtubules before the cell advances from metaphase to 



Discussion 

42 

anaphase. The localisation of PLEIADE/AtMAP65-3 at the anaphase spindle, the coregulated 

expression with spindle-assembly checkpoint genes (Menges et al., 2005) and the recent 

report of an interaction of PLEIADE/AtMAP65-3 with SAC proteins in Arabidopsis thaliana 

(Figure 7B; Paganelli et al., 2015), indicates the involvement of PLEIADE/AtMAP65-3 with 

the spindle-assembly checkpoint complex. 

The mitogen-activated protein (MAP) kinase cascade is regulated in a cell cycle-dependent 

manner and, in turn, targets MAP65 proteins during phragmoplast reorganisation (Figure 7C; 

Sasabe et al., 2006, 2011a, 2011b; Kosetsu et al., 2013). The interaction of the plant-specific 

moiety of CLUB/AtTRS130 with PLEIADE/AtMAP65-3 highlights the unique features of 

plant cytokinesis. This includes the phragmoplast microtubule array and its plant-specific cell 

cycle regulation by the MAP kinase cascade. 

TRAPPII is required for biogenesis of the cell plate throughout cytokinesis (Figure 6), which 

delineates an effective margin for cell cycle regulation. The involvement of 

PLEIADE/AtMAP65-3 with the SAC checkpoint complex indicates that besides the 

transmission of cell cycle progression cues, PLEIADE/AtMAP65-3 might also transmit 

chromosome attachment cues to spindle microtubules. The TRAPPII-MAP65 interaction 

could enable the coordination of these cues with membrane dynamics during cytokinesis. Our 

findings provide a conceptual framework for the integration of cell cycle cues with 

microtubule and membrane dynamics during cytokinesis. So far, not much is known about 

cell cycle checkpoints after the SAC (Musacchio, 2015). The TRAPPII-MAP65 interaction 

could be a safeguard mechanism that coordinates the cell cycle progression with the 

completion of cell plate formation during cytokinesis. 
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Figure 7. Cell cycle regulation and checkpoints during M-phase (mitosis/cytokinesis).                   

(A) The preprophase band and microtubule-associated proteins (MAPs) at the preprophase band get 

regulated via CDKA and cyclin B.            

(B) The spindle assembly checkpoint (SAC) controls the transition from metaphase to anaphase. The 

correct orientation and attachment of the chromatids to the microtubules is checked via the SAC. 

PLEIADE/AtMAP65-3 interacts with SAC proteins.          

(C) The MAP kinase cascade is regulated via CDKs and may be a possible link between the 

progression of cytokinesis and the cell cycle. The TRAPPII-MAP65 interaction might be a safeguard 

mechanism that coordinates cell cycle cues with microtubule and membrane dynamics during 

cytokinesis.
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4. Concluding remarks and perspectives 

In summary, this thesis helps to further understand the processes underlying plant cytokinesis. 

The cell plate is a distinct compartment and not simply a sink for plasma membrane proteins 

or cell wall polysaccharides during cytokinesis. Proteins and polysaccharides are actively 

sorted to, at and from the cell plate. This active sorting at the cell plate is most likely mediated 

by the TRAPPII tethering complex. Cell plate development can be broken down into for 

stages: initiation, biogenesis, expansion and maturation (Figure 6). The TRAPPII and the 

exocyst tethering complexes sequentially mediate the transitions between these stages. The 

TRAPPII complex gives the cell plate a TGN/EE identity and drives cell plate formation 

throughout cytokinesis. The maturation of the juvenile cell plate to a mature cross wall is 

mainly mediated by the exocyst complex.  

Plant cytokinesis is distinct from cytokinesis in other kingdoms. There are many things 

unique in plant cytokinesis such as the phragmoplast, CDKB or the regulation of the 

phragmoplast via a MAP kinase cascade. Despite these differences, the sequential coordinated 

work of the two tethering complexes during cytokinesis seem universally conserved (Neto et 

al., 2013; Wang et al., 2016). It will be interesting to see, whether this sequential and 

coordinated action of two distinct complexes can also be applied to other processes in plants 

or other kingdoms. So far, sequential action is known for complexes that share core subunits 

but differ in a few subunits. For example, the ubiquitination of cyclin E depends on the 

sequential function of SCF complexes containing one variable subunit in mammals (van 

Drogen et al., 2006).  

The cell plate and the phragmoplast strongly depend on each other throughout cytokinesis. 

However, the mechanism that anchors the phragmoplast microtubules to the cell plate 

membranes is still missing. The SM-protein KEULE seems to be required for phragmoplast 

reorganisation, in addition to its role in facilitating the formation of a trans-SNARE complex 

by binding the cytokinesis-specific syntaxin KNOLLE. How exactly KEULE is involved in 

the reorganisation of phragmoplast microtubules remains elusive. The TRAPPII-MAP65 

interaction does also not anchor microtubules at the cell plate. Maybe other proteins such as 

motor proteins are the missing link. Motor proteins could connect the cell plate to 

phragmoplast microtubules in a similar manner as they connect other organelles to 

microtubules (Knoblach and Rachubinski, 2015). Many plus end directed kinesins are known 

to be required for maintaining the structure, the reorganisation and stability of the 

phragmoplast (Lee and Liu, 2000; Strompen et al., 2002; Tanaka et al., 2004).  
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The TRAPPII-MAP65 interaction appears to be required for the transmission of cell cycle 

cues to the cell plate. This might comprise a safeguard mechanism that coordinates the 

completion of cytokinesis with the cell cycle progression. Further molecular experiments have 

to be carried out to fully understand this interaction and its meaning in plant cytokinesis. It 

will be interesting to see whether TRAPPII is also a direct substrate of the MAP kinase 

cascade (Figure 7C). This would strengthen the hypothesis that this interaction comprises a 

safeguard mechanism for cytokinesis. TRAPPII and MAP65-3 would be directly regulated by 

the kinase cascade and coordinate the information via their interaction with each other.  
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