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Abstrakt 

Mitogenem aktivované proteinkinázy (MPK) se v rostlinných buňkách zapojují do řady 

signalizačních drah. Díky tomu propojují reakce na podněty z okolí s mezibuněčnou 

komunikací. Cílem této práce bylo prozkoumat funkce MPK ve stanovení roviny 

buněčného dělení. Práce byla zaměřena na signální dráhu skládající se z YODA a MPK3 

a MPK6 kináz, pro kterou je známé její zapojení do regulace asymetrických buněčných 

dělení během ranné embryogeneze a vývoje primárního kořene u modelové rostliny 

Arabidopsis thaliana. Předmětem zájmu bylo zhodnotit, zda je signalizace YODA-

MPK3/6 kaskádou ovlivněna proteinovou fosfatázou 2A (PP2A) and proteiny teplotního 

šoku 90 (HSP90).  

Funkce PP2A fosfatázy je spojena s kontrolou stanovení roviny buněčného dělení 

a předpokládá se, že tuto úlohu plní regulací fosforylace proteinů zapojených 

do relevantních procesů. Tato práce předkládá hypotézu, podle které PP2A koordinuje 

funkci YODA-MPK3/6 signální dráhy během stanovení roviny buněčného dělení.  

Druhá část této práce je zaměřena na zdokumentování zapojení HSP90 

do regulace ranné embryogeneze. I v tomto případě se předpokládá, že HSP90 by 

embryonální vývoj mohly ovlivňovat skrze interakci s YODA-MPK3/6 signální dráhou.  



 
 

V této práci jsou též popsány a porovnány pokročilé mikroskopické techniky. 

Zvláštní důraz je věnován popisu možností jejich praktického využití pro mikroskopické 

pozorování živých buněk exprimujících chimerické fluorescenční proteiny, nebo fixních 

preparátů se strukturami značenými pomocí protilátek. Strukturní iluminační 

mikroskopie a laserová rastrovací konfokální mikroskopie využívající detektor typu 

Airyscan byly využity pro současné zobrazení mikrotubulů a významných proteinů 

asociovaných s mikrotubuly, konkrétně protein asociovaný s mikrotubuly 65 2 (MAP65-

2) a MAP65-3. 

Výsledkem této práce je informování o roli YODA-MPK3/6 signální dráhy 

při stanovení roviny buněčného dělení a určení buněčného osudu, a dále o interakci této 

signální kaskády s PP2A and HSP90. Dále je předloženo porovnání pokročilých 

mikroskopických technik, které mohou být využity v budoucích studiích pro objasnění 

mechanismů organizace a dynamických změn cytoskeletu v rostlinných buňkách.  
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Abstract 

Plant mitogen activated protein kinases (MPK) are involved in a plethora of signalling 

events, integrating extrinsic cues to cellular responses. The focus of this thesis is to 

examine the role of MPKs in the cell division plane orientation. Specifically, the function 

of the YODA-MPK3/6 pathway is described in formative cell divisions during early 

embryonic development and in tissue patterning of the primary root tip of the model plant 

Arabidopsis thaliana. The interaction between the YODA-MPK3/6 pathway and 

the protein phosphatase 2A (PP2A) and heat shock proteins 90 (HSP90) was assessed.  

PP2A phosphatases are known to affect cell division plane orientation and are 

expected to execute this function by regulating the phosphorylation status of proteins 

involved in cell division plane positioning. Herein, it is assumed that the PP2A cooperates 

with the YODA-MPK3/6 in determining the cell division plane orientation.  

In the second part of the thesis, the involvement of HSP90s in early embryonic 

development is investigated in light of their previously described physical partnership 

with the YODA-MPK3/6 pathway.  

Finally, the present thesis also provides a description and comparison of advanced 

microscopic techniques, with potential applications for imaging live cells expressing 

appropriate fluorescent protein fusions, or fixed and accordingly immunolabeled samples. 

Methods such as structured illumination microscopy and Airyscan laser scanning 



 
 

microscopy are applied to visualize microtubules together with two prominent 

microtubule associated proteins, microtubule associated protein 65 2 (MAP65-2) and 

MAP65-3. 

Conclusively, this thesis presents information on the role of the YODA-MPK3/6 

cascade in the cell division plane orientation and the cell fate determination as well as its 

interaction with PP2A and HSP90s while executing these functions. Furthermore, it 

reports on advanced microscopic methods which may be employed in future studies 

aiming to elucidate mechanisms behind cytoskeleton organization and dynamics in 

plants.  
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Objectives 

 

1. Summary of recent knowledge on the role of phosphorylation in cell division 

plane orientation in both symmetric and asymmetric cell divisions. This part will 

be focused on describing mitogen-activated protein kinases (MPKs), microtubule 

associated proteins 65 (MAP65s) and protein phosphatase 2A (PP2A). 

Additionally, the role of heat shock proteins 90 (HSP90s) in plant development 

will be reviewed. 

2. Documentation of the putative interaction between PP2A and MPK. 

3. Phenotypic characterization of mutants defective in genes encoding PP2A 

subunits regarding the formative cell divisions. 

4. Characterization of the role of HSP90s in modulating the function of YODA-

MPK pathway in different types of formative cell divisions.  

5. Visualization of MAP65s by employing advanced microscopy techniques. 
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1. Introduction 

1.1.  Cell division in plants 

Plants share two attributes, the sessile life style and rigid cell walls, which compelled 

them to adapt accordingly the most fundamental processes, among them the cell division. 

This resulted in a cell division progression exclusive to plants, where microtubules are 

a driving force of both nuclear and cellular division.   

Microtubules are formed through polymerization of tubulins, globular proteins 

forming a protein superfamily. Among this family, α- and β-tubulin are known to form 

dimers and then polymerize into microtubules. On the other hand, γ-tubulin is forming 

the γ-tubulin ring complexes (Fosket and Morejohn 1992). They serve as microtubule 

nucleation units in plants (Erhardt et al. 2002) since plant cells do not have a microtubule 

organizing centre. The consequence of the absence of microtubule organizing centres is 

that the formation of plant microtubule arrays depends on an interaction between 

microtubules and microtubule associated proteins (Bannigan et al. 2008; Lee and Liu 

2013; Buschmann and Zachgo 2016; Smertenko 2018).   

Microtubules form several structures during plant cell mitosis, some of them 

unique to plants (Fig. 1). At the commitment to cell division during interphase, diffusely 

distributed cortical microtubules coalesce into a progressively narrowing microtubule 

annulus named the preprophase microtubule band (Dhonukshe and Gadella 2003; Vos 

et al. 2004). Together with actin filaments, organelles, and specific proteins, 

the preprophase band marks a plasma membrane region denoted as the cortical division 

zone, which is defining the division site and predicts the cortical sites where the cell plate 

will fuse with the parent cell walls at the end of the cytokinesis. Apart from marking the 

cortical division zone, the preprophase band was also shown to affect the spindle 

morphogenesis and orientation, to serve as a source of microtubules for the assembly 

of the spindle and to facilitate the anchoring of the nucleus in the central cytoplasm 

through interactions with perinuclear microtubules (Mineyuki and Furuya 1986; Marcus 

et al. 2005; Ambrose et al. 2008; Schaefer et al. 2017).  
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For a long time, the preprophase band was considered to be crucial for 

the establishment of the cell division plane orientation in most of the higher plants and a 

default prerequisite for the plant cell division. Notable exceptions from this rule are cell 

divisions without the preprophase band in microsporogenesis, pollen grain development, 

megasporogenesis, embryo sac development, and in the endosperm during syncytial 

cellularization (Mineyuki 1999; Brown and Lemmon 2001; Otegui and Staehelin 2004). 

The view of the preprophase band as a default mechanism of the cell division plane 

orientation was further supported by the observation of the preprophase band-driven 

mitotic division instead of meiosis I in the maize ameiotic mutants (Staiger and Cande 

1992). By contrast, the Arabidopsis thaliana triple mutant trm6 trm7 trm8 defective in 

TON1 RECRUITING MOTIF PROTEINS (TRMs) fails to form the preprophase band, 

yet its growth and development are mostly unaffected (Schaefer et al. 2017). In a revised 

view, the function of the preprophase band in directing the cell division plane orientation 

Figure 1. Localization of microtubule associated proteins during mitosis. Adapted from 

Vavrdová et al. (2019). Cortical microtubules reorganize into the preprophase band at 

the onset of mitosis. The preprophase band starts as a broad ring of microtubules, it narrows 

during prophase and its site is marked as the cortical division zone, a place of the future cell 

plate fusion site. The preprophase band is disassembled before the metaphase as the spindle 

is formed. After the segregation of chromatids, the disc phragmoplast is formed at the center 

of the cell. The phragmoplast guides the construction of the cell plate. Next, the ring 

phragmoplast is continuously degraded at its center, where the cell plate is being built, and it 

expands towards the cell cortex. After the discontinuous phragmoplast reaches the cell plate 

fusion site, the cell plate is formed and two daughter cells are created, where microtubules 

again rearrange into cortical microtubules. Abbreviations: AIR9, AUXIN INDUCED IN 

ROOT CULTURES PROTEIN 9; CLASP, CLIP-ASSOCIATED PROTEIN; EB1, END 

BINDING 1; KAT, KATANIN; KIN, KINESIN-RELATED PROTEIN; MAP65, 

MICROTUBULE ASSOCIATED PROTEIN 65; MOR1, MICROTUBULE ORGANIZING 

1; TPX2, TARGETING PROTEIN FOR XKLP2.  
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is less prominent, likely serving as a correction mechanism pivoting the nascent cell plate 

at the correct plane (Zhang and Dong 2018). It was proposed, that in the absence of the 

preprophase band, the γ-tubulin and γ-tubulin ring complexes could also control the cell 

division plane orientation (Kosetsu et al. 2017). 

In symmetrically dividing cells, the position of the preprophase band is 

determined by two factors. First, transvascular cytoplasmic strands are under tension 

during interphase. To minimize the energy of the system, they adopt arrangement 

with shorter lengths, which pulls the nucleus to the centre. This also affects the position 

of cortical microtubules and the preprophase band, in accordance to the cell geometry 

(Flanders et al. 1990; Hamant et al. 2008; Hamant et al. 2019). Second, the position 

of the nucleus directs the localization of the preprophase band (Murata and Wada 1991), 

while the nuclear migration itself depends on microtubules (Mineyuki and Furuya 1986; 

Venverloo and Libbenga 1987; Katsuta et al. 1990). This determination 

of the preprophase band positioning is overridden in asymmetrically dividing cells. 

The formation of the preprophase band during asymmetric cell division does not 

correspond to cues from tension or nuclear localization (Marcus et al. 2005), but rather it 

depends on other signals, which will be discussed below. 

Initially, the preprophase band is formed as a broad ring structure in the G2 phase, 

when its major function is marking the cortical division zone. Later on, it narrows during 

the transition from interphase to mitosis, reaching a maximum of density in prophase 

at the onset of mitotic spindle formation around the still intact nuclear envelope (Chan 

et al. 2005; Marcus et al. 2005). The narrowing of the preprophase band depends 

on mechanisms underlying the regulation of microtubule organization and dynamics but 

it is also actin filament-pendant (Mineyuki and Palevitz 1990; Komis et al. 2017). 

At the onset of nuclear envelope breakdown and before prometaphase, the preprophase 

band is disassembled. 

The plant spindle forms in an acentrosomal fashion just before the nuclear 

envelope breakdown and encompasses the preprophase/prophase nucleus in the form 

of a bipolar microtubular basket (Buschmann and Zachgo 2016). After the nuclear 

envelope breakdown, spindle microtubules come in contact with chromosome 

kinetochores and manage the arrangement of chromosomes at the equatorial plane 

in metaphase. Then, sister chromatids become separated and mitotic spindle is driving 

their segregation to two equivalent daughter groups occupying the opposite poles of the 

spindle in anaphase. Initially, the positioning of the acentriolar spindle depends 
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on interactions between perinuclear microtubules and the preprophase band. 

Subsequently, it is robustly regulated by cues originating from the preprophase band, 

which persistently occupies the cortical division zone (Ambrose and Cyr 2008). Although 

this does not determine the final division plane, it seems to affect it (Komis et al. 2017; 

Schaefer et al. 2017). 

Following the spatial separation of the two sister chromatid groups, the process 

of cytokinesis is marked by two dominant events. The decondensation of chromatin and 

the progressive reassembly of the nuclear envelope around the sister chromatid groups 

to reconstitute the daughter nuclei and the formation of the plant-specific cytokinetic 

apparatus, the phragmoplast. The phragmoplast originates between the sister nuclei 

in the central part of the cell and it is formed by two antiparallel sets of microtubules, 

the overlap of which coincides with the equatorial plane and the cell division plane 

as well. The position and the polarity of the phragmoplast are mirroring the spindle 

position and polarity. There are two described alterations to its conventional formation: 

(i) the formation of the phragmoplast outside of the centre of the cell during polarized 

cytokinesis (Cutler and Ehrhardt 2002; Lucas and Sack 2012); (ii) the formation 

of phragmoplasts during endosperm cellularization when mitosis is not immediately 

followed by cytokinesis (Olsen et al. 1995; Otegui and Staehelin 2000).  

At the beginning of cytokinesis, microtubules occupy the entire surface 

of the phragmoplast and serve as a frame guiding the movement of Golgi-derived vesicles 

carrying material for the cell plate assembly. Both the phragmoplast and the nascent cell 

plate expand centrifugally to meet the parent walls at the cortical division zone and during 

this process, microtubules are disappearing from the centre of the phragmoplast, being 

confined at its margins (reviewed in Chen et al. 2018; Smertenko 2018). The leading edge 

of the phragmoplast extends towards the plasma membrane, actively scouting 

for the cortical division zone (Wu and Bezanilla 2014), thus, fine-tuning the position 

of the newly built cell wall to the cortical mark. Through the guidance 

of the phragmoplast, the cell division plane is determined, and the cell plate is assembled, 

resulting in the completion of the cytokinesis. 

Due to the quintessential nature of microtubules for proper cell division, there is 

a need for strict and exact spatiotemporal regulation of microtubule organization and 

dynamics during the cell cycle (Dhonukshe and Gadella 2003; Vos et al. 2004). This is 

frequently accomplished through the function of microtubule associated proteins, which 
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are capable of inducing changes in microtubule nucleation, polymerisation, 

depolymerisation, stabilization, and destabilization. 

 

1.1.1. Microtubule associated proteins important for cell division 

Microtubule associated proteins are interacting with microtubules and regulating them 

via affecting their nucleation, end-wise dynamics, formation of higher order assemblies, 

or clearance (Tables 1, 2). Unsurprisingly, they are of major importance in precise 

spatiotemporal control over creation, maintenance, proper function, and disassembly 

of mitotic microtubule arrays. While some microtubule associated proteins associate 

with microtubules during every step of the cell cycle, others colocalize only with specific 

microtubule structures (Fig. 1). This situation is mirrored in their modus operandi. 

Microtubule associated proteins persistently colocalizing with microtubules 

irrespectively of the cell stage include regulators of microtubule organization and 

dynamics such as MICROTUBULE ORGANIZING 1 (MOR1); CLIP-ASSOCIATED 

PROTEIN and KATANIN (Fig. 1; Kawamura et al. 2006; Ambrose et al. 2007; Kirik 

et al. 2007; Komis et al. 2017) and their proper function is essential for organization and 

dynamics of any microtubule array (Table 1; Kawamura and Wasteneys 2008; Ambrose 

et al. 2013; Pietra et al. 2013; Komis et al. 2017). Among the microtubule associated 

proteins with spatial or temporal restrictions of colocalization with microtubules arrays 

belong AUXIN INDUCED IN ROOT CULTURES PROTEIN 9, END BINDING 1c 

(EB1c), MICROTUBULE ASSOCIATED PROTEIN 65-3 (MAP65-3) and MAP65-4, 

all specifically colocalizing only with certain mitotic microtubule arrays (Fig. 1; 

Buschmann et al. 2006; Caillaud et al. 2008; Fache et al. 2010; Komaki et al. 2010). 

Correspondingly, their function is more explicit (Table 1; Komaki et al. 2010; Ho et al. 

2012; Buschmann et al. 2015; Li et al. 2017a). 

This clear division is not completely followed by the members of kinesin protein 

superfamily. This protein superfamily is highly abundant in plants. With 61 predicted 

kinesins, the Arabidopsis genome exceeds the expected number of kinesins encoded 

by the human genome (Reddy and Day 2001; Miki et al. 2005). Bioinformatic analysis 

suggested that plant kinesins evolved differently than animal kinesins, assuming distinct 

functions in plants. While some of the 14 kinesin families are missing in plants, other, 

specifically kinesin 7 and 14 families, have extensively expanded and diversified 

(Richardson et al. 2006). Out of the 61 known Arabidopsis kinesins, 17 appear to have 

a role in the cell division (Table 2; Zhu and Dixit 2012). Many of these kinesins 
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colocalize with specific mitotic microtubule arrays and, consequently, their function is 

limited to these structures, e.g. KINESIN-RELATED PROTEIN 7a (KIN7a) and KIN7b 

(Nishihama et al. 2002; Tanaka et al. 2004; Komis et al. 2011), KIN12c/d (Walker et al. 

2007; Xu et al. 2008; Lipka et al. 2014; Stöckle et al. 2016), and KINUa (Malcos and 

Cyr 2011). Other kinesins are localized to multiple microtubule structures, yet they do 

not appear to affect the function of all of them, as is the case with KIN5a/b/c (Bannigan 

et al. 2007), KIN14c (Liu et al. 1996; Marcus et al. 2003), KIN14d (Ambrose et al. 2005; 

Ambrose and Cyr 2007) and KIN14e (Oppenheimer et al. 1997; Kao et al. 2000; Vos et 

al. 2000). This list is incomplete as many Arabidopsis kinesins remain uncharacterized, 

yet their homologues in other plants are already known to be involved in the cell division, 

e.g. members of kinesin 14 family containing calponin homology domains (Frey et al. 

2010; Klotz and Nick 2012).    

Apart from microtubule associated proteins, the microtubule organization and 

dynamics are modulated by proteins binding to both microtubules and actin filaments 

(Krtková et al. 2016; Takeuchi et al. 2017), which are ensuring the collaboration between 

microtubules and actin filaments, thus, the proper function of plant cytoskeleton 

(Sampathkumar et al. 2011; Wu and Bezanilla 2014; Wu and Bezanilla 2018). 

Apart from the abovementioned members of the kinesin 14 family (Schneider and 

Persson 2015; Tian et al. 2015), the most notable examples are members of the ACTIN 

RELATED PROTEIN 2/3 actin nucleation complex (Havelková et al. 2015) and formins 

(Deeks et al. 2010; Li et al. 2010a; Rosero et al. 2013; Wang et al. 2013). These proteins 

affect the assembly of actin filaments, although by employing different mechanisms 

(Pollard 2007). While its function in plants is not yet properly explored, the ACTIN 

RELATED PROTEIN 2/3 complex might be involved in cytokinesis similarly to its role 

in other eukaryotes (Insall et al. 2001; Sun et al. 2011). On the other hand, plant formins, 

including those interacting with microtubules, are known to affect the cell division (Li 

et al. 2010a). 
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1.1.1.1. MAP65 protein family 

The MAP65-3 and 4 mentioned above are two out of the nine members of the MAP65 

protein family in Arabidopsis (Hussey et al. 2002). This protein family is named 

after the first described member of this protein family, which was discovered in carrot 

and had a molecular weight of 65 kDa (Chan et al. 1999). Plant MAP65 proteins are 

homologous to fission yeast Anaphase spindle elongation 1 protein (Ase1p) and human 

PROTEIN REGULATOR OF CYTOKINESIS 1 (PRC1; Fig. 2). They bind to 

microtubule bundles (Chan et al. 1999; Smertenko et al. 2004) and slow down their 

depolymerization (Van Damme et al. 2004; Fache et al. 2010; Lucas et al. 2011). 

Additionally, their function might be to facilitate the recruitment of kinesins (Walczak 

and Shaw 2010; Lee and Liu 2013). This is supported by reports on changes in subcellular 

localization of KIN10a, KIN12a/b/d (Ho et al. 2011) observed in the map65-3 mutant 

(Herrmann et al. 2018).  

They differ in their subcellular 

localization, expression patterns 

(Van Damme et al. 2004), and their 

regulation throughout the cell cycle 

(Smertenko et al. 2006; Boruc et al. 2017). 

MAP65-1-5 are known to colocalize 

with mitotic microtubule arrays (Fig. 1; 

Smertenko et al. 2004; Caillaud et al. 

2008; Gaillard et al. 2008; Smertenko 

et al. 2008; Fache et al. 2010; Lucas and 

Shaw 2012). MAP65-1 and MAP65-2 

share high sequence similarity (Fig. 2), 

they are functionally redundant and more 

is known about their function during cell 

growth (Table 1; Lucas et al. 2011; Lucas 

and Shaw 2012; Boruc et al. 2017) than 

about their role in the cell division. While 

MAP65-5 colocalizes to the same 

microtubule arrays as MAP65-1, their 

subcellular localization differs (Gaillard 

et al. 2008) and their sequence similarity is 

AtMAP65-2 (Q8LEG3) 

AtMAP65-1 (Q9FLP0) 

AtMAP65-5 (Q9ZVJ3) 

AtMAP65-8 (Q9C7G0) 

AtMAP65-7 (Q8L836) 

AtMAP65-6 (Q9SIS3) 

AtMAP65-9 (Q4PSA3) 

AtMAP65-3 (Q9FHM4) 

AtMAP65-4 (Q9LZY0) 

PRC1 (O43663) 

Ase1p (P50275) 

83% 

80% 

54% 

46% 

≥41% 

≥46% 

≥39% 

≥35% 

≥19% 

≥16% 

Figure 2. Sequence homology between 

Arabidopsis MAP65s and their human 

and yeast homologues. The cladogram 

illustrates sequence homology between 

the yeast Anaphase spindle elongation 1 

protein (Ase1p), the human PROTEIN 

REGULATOR OF CYTOKINESIS 1 

(PRC1), and Arabidopsis MICROTUBULE 

ASSOCIATED PROTEINs 65 (AtMAP65s). 

The cladogram was constructed based on 

a multiple alignment (Clustal Omega; 

EMBL-EBI) of sequences (UniProtKB 

accession numbers are in brackets). Next to 

each nod, the lowest sequence homology 

between the respective sequences is stated 

based on the percent identity matrix. 
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lower than between MAP65-1 and MAP65-2, implying that these MAP65s might have 

discreet non-redundant functions.  

On the other hand, MAP65-3 and MAP65-4 are associated only with mitotic 

microtubule arrays and their function appears crucial for the cytokinesis (Table 1; Müller 

et al. 2004; Ho et al. 2012; Li et al. 2017a). This is supported by the observation 

of multinucleated cells with incomplete cell walls in map65-3 mutants (Müller et al. 

2004; Caillaud et al. 2008), resulting from severe cytokinesis defects. Presumably, these 

defects originate from abnormal phragmoplast formation, as the phragmoplast in map65-

3 mutants is broader and wider than in wild type plants (Müller et al. 2004). While there 

are conflicting reports on the role of MAP65-3 in karyokinesis through affecting 

the spindle formation (Müller et al. 2004; Caillaud et al. 2008), MAP65-3 was also 

implicated in coordinating the cytokinesis with the karyokinesis together with the 

TRANSPORT PROTEIN PARTICLE II  tethering complex (Steiner et al. 2016). Despite 

the absence of a noticeable phenotype in map65-4 mutants, map65-3 map65-4 double 

mutants were lethal, suggesting partial functional redundancy of these proteins (Li et al. 

2017a). Interestingly, the multiple alignment analysis of MAP65 protein family revealed 

that MAP65-3, MAP65-4 and the enigmatic MAP65-9 form a cluster with the lowest 

sequence homology to the remaining Arabidopsis MAP65 proteins (Fig. 2). 

The function of MAP65 proteins depends on their ability to bind microtubules and 

to form dimers, which is facilitated by their domains. They form homodimers through 

their N-terminal dimerization domains. Their C-terminal domain can be divided into a 

spectrin-fold domain containing two microtubule-binding sites and a variable domain 

(Fig. 3; Smertenko et al. 2004). Interestingly, the C-terminal domain is also involved 

in the subcellular localization (Smertenko et al. 2006; Ho et al. 2012). While 

the Arabidopsis MAP65s share similarities within the N-terminal dimerization domain 

(Fig. 4A), they are most similar to each other in the sequences of the microtubule-binding 

domain (Fig. 4B). On the other hand, the least sequence homology is between their C-

terminal variable domains (Fig. 4C).  

According to one hypothesis, MAP65s form homodimers in solutions, and then 

they associate with microtubule bundles (Smertenko et al. 2004; Smertenko et al. 2008). 

A similar mechanism was described for both Ase1p (Kapitein et al. 2008) and PRC1 

(Subramanian et al. 2010). Supposedly, the homodimer first decodes the microtubule 

orientation by binding specifically via one of the spectrin domains. Next, the second 
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microtubule-binding domain might bind to another microtubule, which is affected by the 

length of the linker between the two spectrin domains and the rigidity of this linker 

(Subramanian et al. 2010). By contrast, alternative hypothesis suggests that MAP65-1 

and MAP65-5 are binding microtubules as monomers and stabilize this interaction upon 

dimerization with adjacent MAP65 molecules in a process called zippering (Gaillard et 

al. 2008; Tulin et al. 2012).  

Ultimately, the forming of homodimers is essential for the function of MAP65s 

(Tulin et al. 2012). Apart from the length and flexibility of the linker, MAP65s have 

different association times with the microtubule bundles before their dimerization (Lucas 

et al. 2011). Thus, it is tempting to speculate to which extent is the variability within the 

plant MAP65 protein family affecting the mechanisms of their functions and how this 

could affect the biological activity of MAP65s. Taken together, different MAP65 proteins 

and specific conditions could help the cell to fine-tune its organization of microtubule 

arrays. 

0 100 200 300 400 500 600 700 800 900

MAP65-9

MAP65-8

MAP65-7

MAP65-6

MAP65-5

MAP65-4

MAP65-3

MAP65-2

MAP65-1

PRC1

Ase1p

Aminoacid sequence

N-terminal dimerization domain microtubule-

binding domain C-terminal variable domain 

Figure 3. Protein domains of Arabidopsis MAP65s and their homologues. Arabidopsis 

MICROTUBULE ASSOCIATED PROTEINs 65 (AtMAP65s), the yeast Anaphase spindle 

elongation 1 protein (Ase1p), and the human PROTEIN REGULATOR OF CYTOKINESIS 

1 (PRC1) were compared based on a multiple alignment (COBALT; NCBI) of sequences 

(UniProtKB accession numbers are in Fig. 2). Schema depicts domains and tubulin-binding 

sites in MAP65s. Localization of tubulin-binding sites was determined based on 

the information in the UniProtKB database. Generally, there are two tubulin-binding sites 

within the tubulin-binding domain separated by 10 amino acids, which is symbolized by 

a white spacer between two black lines marking tubulin-binding sites. For MAP65-8 a single 

tubulin-binding site was predicted, while no tubulin binding site was predicted for Ase1p so 

far. The localization of the domains was inferred from the multiple sequence alignment.  
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Within the microtubule bundles, MAP65s form crossbridges 25 nm wide (Chan 

et al. 1999; Smertenko et al. 2004) between both parallel and antiparallel microtubules 

(Van Damme et al. 2004; Wicker‐Planquart et al. 2004; Lucas et al. 2011), with a higher 

preference for antiparallel microtubules (Gaillard et al. 2008; Tulin et al. 2012). Although 

most studies reported that MAP65s do not affect polymerization rates (Smertenko et al. 

2004) nor growth or shortening rates (Lucas et al. 2011), it has been suggested that when 

specific conditions are met, MAP65s increase the number of rescue events leading to 

the establishment of longer microtubule bundles (Stoppin-Mellet et al. 2013). Their 

canonical function regarding microtubule dynamics remains to be the stabilization 

of microtubule bundles by slowing down depolymerization rates (Van Damme et al. 

2004; Gaillard et al. 2008; Fache et al. 2010). Microtubule bundling promoted by 

MAP65s also inhibits the severing of microtubules by KATANIN  (Burkart and Dixit 

2019). Lastly, MAP65s increase the flexibility of microtubules (Portran et al. 2013), and 

they promote bundling of adjacent microtubules meeting each other at shallow angles 

(Tulin et al. 2012).  
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Figure 4. Sequence alignment of Arabidopsis MAP65s. Arabidopsis MICROTUBULE 

ASSOCIATED PROTEINs 65 (AtMAP65s) were compared based on a multiple alignment 

(COBALT; NCBI) of sequences (UniProtKB accession numbers are in Fig. 2). (A-C) Results 

of the multiple sequence alignment for N-terminal domain (A), microtubule-binding domain 

(B) and C-terminal variable domain (C). Colour-coding corresponds to the degree of 

conservation based on the residue's relative entropy threshold. Alignment columns with gaps 

are grey, less conserved columns are blue and highly conserved columns are red (Multiple 

Sequence Alignment Viewer; NCBI). 
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1.1.2. Phosphorylation of microtubule associated proteins during cell division 

The activity of the microtubule associated proteins is in many cases crucial for proper 

progression of cell division and any aberration may lead to severe defects in cytokinesis. 

Therefore, there is a need for precise spatiotemporal control of these microtubule 

associated proteins. Plant cells employ several regulatory mechanisms to achieve this: (i) 

protein ubiquitination leading to degradation (Malcos and Cyr 2011); (ii) stabilization 

by other proteins (Stewart and Fang 2005; Pietra et al. 2013; Tomaštíková et al. 2015); 

(iii) regulation via the G protein signalling (Gruss et al. 2001; Lin et al. 2013); (iv) 

regulation by the Ca2+/calmodulin pathway (Deavours et al. 1998); (v) reversible protein 

de/phosphorylation, which was reported for a number of microtubule associated proteins 

and other proteins involved in cell cycle progression (Fig. 5).  

 

1.1.2.1. Kinases phosphorylating microtubule associated proteins  

Several studies pointed out the necessity of the regulation of the phosphorylation status 

of microtubule associated proteins for proper organization of mitotic microtubule arrays 

(Fig. 5). This is exemplified by CYCLIN DEPENDENT KINASE (CDK) negatively 

regulating KIN7a/b (Sasabe et al. 2011a) and possibly phosphorylating MAP65-1 

(Smertenko et al. 2006), or AURORA KINASE (AUR) phosphorylating TARGETING 

PROTEIN FOR XKLP 2 and MPKs (Tomaštíková et al. 2015; Boruc et al. 2017). Other 

microtubule associated proteins and markers of cortical division zone, specifically 

TONNEAU 1 (TON1a), KIN10a and EB1c were predicted to be regulated by either CDK 

or AUR either based on high-throughput interaction analysis (Leene et al. 2007) or 

in silico predictions (STRING 11.0; Szklarczyk et al. 2015).  

The CDKs and AURs are known regulators of the cell cycle progression, with 

CDKs being master regulators in controlling mitosis (Costa 2017), while AURs are 

on  a lower hierarchical position (Schecher et al. 2017). Both CDK-A and AUR1/2 

colocalize with mitotic microtubule structures in Arabidopsis (Table 3; Stals et al. 1997; 

Weingartner et al. 2001; Demidov et al. 2005). There are three members of the AUR 

protein family in Arabidopsis (Kawabe et al. 2005) and AUR1/2 were found to be 

necessary for formative cell divisions during plant development (Van Damme et al. 

2011). Based on the information available for animal homologues of plant CDKs, AURs 
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and microtubule associated proteins (Ookata et al. 1997; Vasquez et al. 1999; Zhang et al. 

2008; Ban et al. 2009), in silico analysis of CDK phosphorylation sites in plant 

microtubule associated proteins (Hussey et al. 2002; Smertenko et al. 2006) and results 

from pharmacological treatment 

experiments (Weingartner et al. 2001), 

CDKs and AURs are expected to be 

integrated into the network regulating 

mitotic microtubule array organization 

(Weingartner et al. 2001). Moreover, 

CDK-dependent phosphorylation was 

suggested to promote the disassembly of 

the preprophase band (Hush et al. 1996). 

Another family of protein kinases 

involved in the control over mitosis and 

mitotic microtubule structures is 

the NIMA-RELATED KINASE protein 

family (NEK; Brieño-Enríquez et al. 

2017). NEKs are highly conserved 

Ser/Thr protein kinases known to regulate 

various mitotic events in eukaryotes 

(O’Connell et al. 2003; O’Regan et al. 

2007). The Arabidopsis genome was 

described to encode seven members of this 

protein family (Vigneault et al. 2007), but 

their functions are not well-characterized. 

So far, they are known to regulate cortical 

microtubules (Vigneault et al. 2007; 

Takatani et al. 2017), thus, to affect the cell 

expansion and morphogenesis (Motose et 

al. 2008; Sakai et al. 2008). Moreover, 

they are negatively regulated by 

ARMADILLO-REPEAT KINESIN 1 

(Eng et al. 2017). The NEK6 was shown to 

colocalize with the spindle and 
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Figure 5. Kinases and phosphatases 

regulating microtubule associated 

proteins during cell division. Adapted from 

Vavrdová et al. (2019). A speculative 

network of protein kinases (dark blue), 

protein phosphatases (dark red) and targeted 

microtubule associated proteins or markers 

of cell division zone (black). Arrows show 

targets of kinases and/or phosphatases based 

on published studies (full line), in vitro or 

high-throughput interaction studies (dashed 

lines; BioGRID), or in silico predictions 

(dotted lines; STRING). Black lines connect 

putative interaction partners, where the target 

is unknown. Abbreviations: ANP, 

ARABIDOPSIS NUCLEUS AND 

PHRAGMOPLAST-LOCALIZED 

KINASE, AUR, AURORA KINASE; CDK, 

CELL DIVISION KINASE; EB1c, END 

BINDING 1c; KIN, KINESIN-RELATED 

PROTEIN; MAP65, MICROTUBULE 

ASSOCIATED PROTEIN 65; MPK, 

MITOGEN ACTIVATED PROTEIN 

KINASE; MKK, MITOGEN ACTIVATED 

PROTEIN KINASE KINASE; NEK6, 

NIMA-RELATED KINASE 6; PP2C, 

PROTEIN PHOSPHATASE 2C; TIO, 

TWO-IN-ONE; TPX2, TARGETING 

PROTEIN FOR XKLP2; TON1a, 

TONNEAU 1a; YDA, YODA. 
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the phragmoplast (Table 3) and to phosphorylate β-tubulin in vitro, however, no 

phenotypes were noted in single mutants (Motose et al. 2011), possibly due to functional 

redundancy with other NEKs. Therefore, its function in the regulation of cytoskeleton 

during mitosis remains unknown. 

The Ser/Thr protein kinase TWO-IN-ONE (TIO) has been shown to be necessary 

during cytokinesis in both sporophytes and gametophytes (Oh et al. 2005). The 

orthologue of TIO in animals, the FUSED kinase, phosphorylates a kinesin-like protein 

(Ruel et al. 2007). Similarly, plant TIO interacts with KIN12a/b and KIN7b (Fig. 5; Oh 

et al. 2012; Oh et al. 2014). These three kinesins are involved in the phragmoplast 

organization (Tanaka et al. 2004; Lee et al. 2007). Furthermore, TIO colocalizes with 

the phragmoplast (Oh et al. 2012) highlighting the importance of TIO for correct function 

of the phragmoplast.  

The last protein family implicated in the regulation of mitotic microtubule 

structures in plants is the MITOGEN ACTIVATED PROTEIN KINASE family (MPKs). 

MPKs are Ser/Thr kinases well-known to regulate microtubule associated proteins (Hoshi 

et al. 1992). They form signalling cascades, where MPK is activated by MITOGEN 

ACTIVATED PROTEIN KINASE KINASE (MKK), which is in turn phosphorylated 

by MITOGEN ACTIVATED PROTEIN KINASE KINASE KINASE (MKKK). 

The Arabidopsis genome encodes approximately 60 genes for MKKKs, 10 for MKKs, 

and 20 for MPKs (MAPK Group 2002).  

 

Table 3. Kinases associated with microtubule structures throughout the cell cycle. 

Colocalization of kinases with specific microtubule arrays is documented by referring to 

relevant literature sources. 
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All plant MPKs are related to the mammalian family of the EXTRACELLULAR 

SIGNAL-RELATED KINASEs, which mainly function in mitogenic signal transduction. 

However, plant MPKs evolved to respond to a broader range of signals (Jonak et al. 

1999). The activation motif of plant MPKs is usually either Thr-Glu-Tyr or Thr-Asp-Tyr, 

but unconventional motifs were noted as well (Mohanta et al. 2016). As the MPK belong 

to the same group as CDKs and GLYCOGEN SYNTHASE KINASE 3, they 

preferentially target Ser-Pro motifs. In plants, two MPK signalling pathways are well-

described regarding their activity in the plant cell division. 

 The MPK pathway, which is essential for proper cell division was initially 

described in tobacco (Calderini et al. 1998; Bögre et al. 1999; Calderini et al. 2001; 

Nishihama et al. 2001). In Arabidopsis, it is composed of ARABIDOPSIS NUCLEUS 

AND PHRAGMOPLAST-LOCALIZED KINASE 2 (ANP2) and ANP3 (MKKKs), 

MKK6, MPK4 and MPK6 (Krysan et al. 2002; Strompen et al. 2002) and it is activated 

by KIN7a/b (Fig. 5; Tanaka et al. 2004; Takahashi et al. 2010). This pathway regulates 

the organization of mitotic structures via the phosphorylation of MAP65s (Fig. 5; 

Smertenko et al. 2006; Beck et al. 2011; Sasabe et al. 2011b; Kohoutová et al. 2015; 

Zhou et al. 2017), which directly affects the phragmoplast expansion and cell plate 

formation (Takahashi et al. 2010). Another MAP involved in this pathway is RUNKEL, 

which is a putative pseudokinase colocalizing with the preprophase band, spindle, and 

phragmoplast and affecting the cell plate expansion (Krupnova et al. 2009; 2013). 

 Unlike the ANP2/3-MKK6-MPK4/6 pathway, which is fundamental for all types 

of plant cell divisions, the function of the second MPK pathway is more distinct. It 

consists of YODA (YDA; MKKK), MKK4 and MKK5, MPK3 and MPK6 (Fig. 5; Wang 

et al. 2007; Cristina et al. 2010) and its members are involved in stress responses, innate 

immunity (Colcombet and Hirt 2008) and plant development (reviewed in Komis et al. 

2018a). Importantly, this pathway has a crucial role in asymmetric cell divisions, 

specifically in the first division of the zygote (Lukowitz et al. 2004) and during stomatal 

development (Bergmann et al. 2004; Wang et al. 2007). Moreover, it also affects the cell 

division plane orientation in regular cell divisions as defects in tissue patterning were 

observed in yda, mpk3, mpk6 mutants in roots (Müller et al. 2010; Smékalová et al. 2014). 

The role of this pathway in organizing microtubule structures is supported by the 

observation of MPK6 colocalizing with the preprophase band and the phragmoplast 

(Table 3; Müller et al. 2010; Smékalová et al. 2014) and by identifying MAP65-1 and 
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EB1c to be targeted by MPK6 (Smékalová et al. 2014; Kohoutová et al. 2015). Moreover, 

the transcript levels of cortical division zone markers, namely TANGLED and KIN12c, 

were deregulated in yda mutants hinting that this pathway is possibly involved at multiple 

levels in the cell division regulation (Smékalová et al. 2014). 

 

1.1.2.2. Phosphatases dephosphorylating microtubule associated proteins  

Protein phosphatases counter the activity of kinases, ensuring the reversibility of protein 

phosphorylation. Indeed, the interplay of kinases and phosphatases securing correct 

spatiotemporal regulation of microtubule organization and dynamics seems to be essential 

for the progression of mitosis (Tournebize et al. 1997; Bhaskara et al. 2017). Specifically, 

Ser/Thr specific phosphoprotein phosphatases were pointed out as prominent players 

in these processes (Samofalova et al. 2019). 

The involvement of phosphoprotein phosphatases in regulatory mechanisms of 

microtubule organization and dynamics in plants remains mostly obscure, however, it 

appears to be complex and encompassing several levels. First, plant PROTEIN 

PHOSPHATASE 2A (PP2A) and PROTEIN PHOSPHATASE 4 (PP4) interact with α-

tubulin and γ-tubulin, respectively (Awotunde et al. 2003; Voss et al. 2013). Secondly, 

phosphoprotein phosphatases are known to interact with various microtubule associated 

proteins as plant PP2A assembles in complexes together with TON1 (Spinner et al. 2013). 

On the other hand, animal homologues of TARGETING PROTEIN FOR XKLP 2 and 

EB1 were reported to protect AURs from inactivation via PP1 and PP2A-mediated 

dephosphorylation, respectively (Eyers et al. 2003; Sun et al. 2008). Thus, microtubule 

associated proteins can interfere with regulatory function of phosphatases. Finally, plant 

PP2C negatively regulates CDKs and MPKs (Fig. 5; Umbrasaite et al. 2010; Kohoutová 

et al. 2015) and other plant phosphoprotein phosphatases are expected to inactivate 

CDKs, AURs and MPKs similarly to their animal counterparts (Mumby and Walter 1993; 

Mayer-Jaekel and Hemmings 1994).  

The importance of PP2A and PP2C for the function of both interphase and mitotic 

microtubule arrays is exposed in mutants, as their arrangement of microtubule structures 

is heavily affected (Traas et al. 1995; McClinton and Sung 1997; Song et al. 2006; Kirik 

et al. 2012; Kohoutová et al. 2015; Bhaskara et al. 2017; Qu et al. 2018). PP2C affects 

chromosome segregation, spindle orientation, and alignment of the cell division site 

(Kohoutová et al. 2015). The role of PP2A in the cell division appears to be restricted to 
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establishing and maintaining the cortical division zone, as spindle and phragmoplast 

formation are unaffected in mutants, yet guidance of phragmoplast is erroneous 

(Camilleri et al. 2002).  

The PP2A functions as a heteromer composed of three subunits – scaffolding (A), 

regulatory (B) and catalytic (C). The PP2AA scaffolding subunit bridges the regulatory 

and catalytic domains (Groves et al. 1999). There are three isoforms of PP2AA 

in Arabidopsis, with PP2AA1 (RCN1; ROOTS CURL IN NAPHTYLAMINOACID 1) 

being fundamental for the activity of PP2A (Zhou et al. 2004). The PP2AB regulatory 

subunit controls subcellular localization and substrate specificity of the PP2A complex. 

In Arabidopsis, TON2 (alternatively FASS) is a PP2AB'' subunit responsible for 

the regulation of cortical microtubules and the organization of the preprophase band 

(Traas et al. 1995; McClinton and Sung 1997). The PP2A complex containing these two 

subunits is recruited to the preprophase band by TON1a and TRMs (Drevensek et al. 

2012; Spinner et al. 2013). This complex governs the preprophase band development and, 

later on, it persists at the cortex, where it maintains the cortical division zone (Wright et 

al. 2009; Spinner et al. 2013). MOR1, TON1a, TANGLED and CLIP-ASSOCIATED 

PROTEIN were proposed to be targeted by PP2A (Twell et al. 2002; Kawamura et al. 

2006; Xu et al. 2008; Rasmussen et al. 2011). By spatiotemporally restricting activities 

of microtubule associated proteins, PP2A could enable microtubule stabilization and the 

formation of the preprophase band (Smertenko et al. 2006; Walker et al. 2007; Wright 

and Smith 2007; Wright et al. 2009; Lipka et al. 2015). 

 

1.1.2.3. Reversible phosphorylation of MAP65s  

The necessity of reversible phosphorylation for the formation of mitotic microtubule 

arrays has been demonstrated in several studies using either kinase or phosphatase 

inhibitors (Katsuta and Shibaoka 1992; Ayaydin et al. 2000; Smertenko et al. 2006). 

Moreover, the members of the MAP65 family, which are implicated in the formation of 

the preprophase band and the expansion of the phragmoplast, are known to be regulated 

by reversible phosphorylation (Smertenko et al. 2006; Rasmussen et al. 2013; Lipka et 

al. 2015).  

The effects of the reversible phosphorylation on the MAP65 activity has been 

described to be a crucial part of the mechanism behind phragmoplast expansion (Sasabe 

and Machida 2006, 2012; Smertenko et al. 2006). MAP65s are phosphorylated by MPK4 
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and MPK6 (Smertenko et al. 2006; Beck et al. 2010; Kosetsu et al. 2010; Sasabe et al. 

2011b), CDKs (Mao et al. 2005; Smertenko et al. 2006) and AUR (Boruc et al. 2017). It 

has been hypothesized that kinases could contribute to the multisite phosphorylation 

of MAP65 proteins, which is a type of regulation common for many eukaryotic proteins 

(Repetto et al. 2018). Interestingly, while AUR and MPKs do not interfere with each 

other in phosphorylating MAP65-1, the targeting motifs for MPK and CDK overlap 

in this protein (Smertenko et al. 2006), thus, they have to compete for them. Moreover, 

the CDKs impede the MPK4/6 activity via inhibiting the activation of KIN7a/b (Sasabe 

et al. 2011a), with KIN7a/b being the upstream activator of MPK4/6. Since KIN7a/b are 

kinesins, they probably provide spatial regulation of the MPK4/6 activity, while CDKs 

ensure proper temporal control of this signalling module. The phosphorylation of 

MAP65s has two implications: it causes their release from microtubule bundles, which 

leads to destabilization of microtubules; and it affects their subcellular localization, 

providing additional spatial regulation. The activity of MAP65 is then re-established via 

dephosphorylation (Lipka et al. 2015), possibly by PP1 or PP2A (Smertenko et al. 2006). 

The putative role of PP2A in dephosphorylating MAP65s was also suggested after 

observing its function in regulating stabilization and branching of cortical microtubules 

(Kirik et al. 2012). 
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1.2. Asymmetric cell divisions in plants  

The position of the cell division plane in most symmetrical divisions complies to the 

geometrical rule, which prefers the shortest distance of the cell division plane, with the 

additional role of mechanical forces in cells of more complex shapes (Besson and Dumais 

2011). These rules are overridden during asymmetric cell divisions, which are 

indispensable for all multicellular organisms as they generate daughter cells with 

diverging cell fates (Shao and Dong 2016). There are two major mechanisms behind 

asymmetric cell division. The intrinsic mechanisms lead to the polarization of the mother 

cell before the asymmetric cell division. This symmetry breaking is achieved 

by an uneven distribution of various proteins, signalling pathways, mRNAs, organelles, 

cytoskeletal components, and other molecules (Freisinger et al. 2013), and after 

the asymmetric cell division, it leads to divergent cell differentiation of daughter cells. 

On the other hand, there are cases when the division itself does not generate visible 

physical differences in daughter cells, but the extrinsic mechanisms drive their 

diversification by placing them in distinct microenvironments (Fuller and Spradling 

2007). In plants, intrinsic mechanisms often overlap with extrinsic mechanisms (Shao and 

Dong 2016).  

Generally, the organization of the asymmetric cell division in plants begins 

with the dedication of cells. Then, the polarity of these cells is established by several 

factors, among them, by the positioning of the nucleus. This is followed by the cell 

division with the cell division plane orientation corrected according to the polarization 

cues. Finally, after the cell division, the asymmetrically distributed and/or expressed cell 

fate factors determine the cell fate of daughter cells (De Smet and Beeckman 2011; 

Gaillochet and Lohmann 2015). 

Among the mechanisms of polarity establishment described in plants belong: 

(i) cell-to-cell communication including asymmetries in ligand concentrations (Ito et al. 

2006; Hara et al. 2007; De Smet et al. 2009; Hirakawa et al. 2010; Jewaria et al. 2013; 

Stahl et al. 2013; Costa et al. 2014), auxin transport proteins (Geldner et al. 2003; Richter 

et al. 2010), and trafficking of mobile transcription factors (Nakajima et al. 2001; 

Schlereth et al. 2010); (ii) auxin gradient (Sabatini et al. 1999; Robert et al. 2013; Le 

et al. 2014); (iii) protein polarity (Cartwright et al. 2009; Dong et al. 2009; Humphries 

et al. 2011; Pillitteri et al. 2011); (iv) nucleus positioning (Park et al. 1998; Oh et al. 

2010a); (v) cell wall modifications (Geshi et al. 2013; Sekereš et al. 2015; Zhang and 
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Dong 2018). All these events are interconnected in intricate regulatory networks, which 

often involve spatially organized cell signalling, feedback loops, and reversible 

phosphorylation (Zhang et al. 2015; 2016a). 

There are numerous formative cell divisions during the plant ontogenesis. In two 

of these asymmetric cell divisions, the YDA-MPK signalling pathway has been described 

to have a major role, specifically during the first division of the zygote and the stomatal 

differentiation pathway.   

 

1.2.1. First division of the zygote 

The embryonic development of Arabidopsis is comprised of an extremely ordered 

sequence of cell divisions (Yoshida et al. 2014). This begins with the first asymmetric 

division of the zygote. The zygote is polarized and after its division, the apical cell and 

the basal cell emerge. While the apical cell further develops into the embryo proper, 

the basal cell lineage results in creating a suspensor, which connects the embryo proper 

to maternal tissues (Fig. 6A; ten Hove et al. 2015).   

 The asymmetric cell division is a result of a signalling pathway consisting of 

multiple components (Fig. 6B). After the fertilization, the transcript of the membrane-

associated receptor-like pseudokinase SHORT SUSPENSOR (Bayer et al. 2009) is 

transported from the sperm cell to the zygote. Upon its translation and in collaboration 

with the ZYGOTE ARREST 1, it activates YDA (Yu et al. 2016). YDA is also activated 

by the EMBRYO SURROUNDING FACTOR 1 (Costa et al. 2014), however, 

the activation by SHORT SUSPENSOR is of special importance for it provides temporal 

cue enabling the synchronization of the fertilization with the activity of YDA (Bayer et al. 

2009). True to the nature of an MKKK, YDA activates MKK4/5, which, in turn, activate 

MPK3/6 (Zhang et al. 2017a). MPK3/6 phosphorylate the WRKY DNA-BINDING 

PROTEIN 2 (WRKY2; Ueda et al. 2017). Together with the maternally-originated 

HOMEODOMAIN GLABROUS 11/12, WRKY2 activates transcription of WUCHSEL-

RELATED HOMEOBOX PROTEIN 8 (WOX8; Ueda et al. 2011; 2017). In this way, 

both maternal and paternal inputs are integrated into promoting WOX8 transcription 

(Bayer et al. 2009; Yu et al. 2016; Ueda et al. 2017). Ultimately, this pathway leads to 

the polarization of the zygote and this results in the asymmetric cell division. It should be 

noted that the signalling between the YDA and the WOX8 is not linear (Breuninger et al. 
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2008). After the asymmetric cell division, the WOX8 and the WOX2, despite not being 

previously polarized (Ueda et al. 2011), become restricted to the basal and apical cell, 

respectively (Fig. 6A; Haecker et al. 2004).  

Apart from the polarization of the zygote and the asymmetric cell division, this 

signalling pathway also affects the cell fate determination of apical and basal cells. 

The WOX8, WOX9, and GROUNDED are responsible for proper development of 

the basal cell (Breuninger et al. 2008; Jeong et al. 2011). Moreover, through a non-cell 

autonomous mechanism, WOX8 controls the activity of WOX2 in the apical cell 

(Breuninger et al. 2008), which promotes the development of the embryo proper. 

 Auxin is indispensable for early embryonic development. It is distributed 

in a gradient after the first division of the zygote (Fig. 6B) owing to the positioning of 

PIN-FORMED 7 at the apical membrane of the basal cell (Friml et al. 2003). The higher 

amount of auxin in the apical cell leads to the degradation of the BODENLOS, which 

Figure 6. Overview of early embryonic development. (A) The layout of early 

developmental stages (the 4-cell stage was omitted from the picture). Expression domains of 

selected WUCHSEL-RELATED HOMEOBOX PROTEINs (WOXs) are colour-coded: 

yellow for WOX2, azure for WOX8, magenta for WOX9, green for both WOX2 and WOX8, 

blue for both WOX8 and WOX9. (B) A scheme of signalling events regulating asymmetric 

cell division (ACD) and the establishment of cell fates in daughter cells. The image on 

the right depicts auxin gradient in the 1-cell stage embryo, with dark orange showing auxin 

maxima. Black arrows mark tissue of origin; black line connects proteins interacting with each 

other; blue arrows show positive regulation; P in a circle marks phosphorylation events. 

Abbreviations: ESF1, EMBRYO SURROUNDING FACTOR 1; GRD, GROUNDED; 

HDG11/12, HOMEODOMAIN GLABROUS 11/12; MPK, MITOGEN ACTIVATED 

PROTEIN KINASE; MKK, MITOGEN ACTIVATED PROTEIN KINASE KINASE; SSP, 

SHORT SUSPENSOR; WRKY2, WRKY DNA-BINDING PROTEIN 2; YDA, YODA; 

ZAR1, ZYGOTIC ARREST 1. 
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releases the MONOPTEROUS (Hamann et al. 2002). This signalling ultimately leads to 

the determination of the apical cell fate (Friml et al. 2003). The auxin signalling is 

regulated by WOX2 (Zhang et al. 2017b), RAF-LIKE MAPKKK 22 and 28 (Wang et al. 

2018), and a putative spliceosome subunit JANUS (Xiong et al. 2019). 

Proper orientation of the first asymmetric cell division of the zygote is necessary 

for guiding daughter cells towards their respective cell fates and founding the apical-basal 

axis, thus, establishing a fundamental framework for the next steps in embryogenesis. 

During the embryonic development, there are other cases of asymmetric cell divisions, 

e.g. tangential division in the embryo proper at the dermatogen stage (Fig. 6A) or 

asymmetric division of hypophysis, the uppermost cell of the suspensor (Pillitteri et al. 

2016). These asymmetric cell divisions are important for differentiation of cell fates and 

they lead to the initiation of all basic tissues at the globular stage (ten Hove et al. 2015).  

 

1.2.2. Stomatal differentiation pathway 

Stomata are specialized cells in the epidermis, which facilitate gas exchange and 

transpiration. Due to their role in the photosynthesis and water use, not only their aperture 

but also the development of new stomata is regulated by many environmental cues (Endo 

and Torii 2019). Stomata emerge upon a series of asymmetric and symmetric divisions 

(Fig. 7A), with basic helix-loop-helix transcription factors SPEECHLESS (SPCH), 

MUTE and FAMA as master regulators (Ohashi-Ito and Bergmann 2006; MacAlister et 

al. 2007; Pillitteri et al. 2007). High levels of SPCH in meristemoid mother cell lead to 

the asymmetric cell division into smaller meristemoid and larger stomatal lineage ground 

cell. The level of the SPCH remains high in the meristemoid advancing its asymmetric 

cell division (MacAlister et al. 2007). Once SPCH levels decrease, MUTE levels rise and 

the guard mother cell is formed (Pillitteri et al. 2007). Then, the expression pattern 

changes again with FAMA driving the symmetrical division, from which a pair of guard 

cells emerge (Fig. 7A; Ohashi-Ito and Bergmann 2006).  

Out of the three transcription factors, SPCH has a superior role in the stomatal 

development, as it governs the first asymmetric cell division, thus, the entry into the 

stomatal lineage (Lau et al. 2014). Therefore, the regulation of SPCH incorporates 

numerous internal and external cues (Lee and Bergmann 2019). The inactivation and 

downregulation of SPCH are facilitated through the phosphorylation by MPK3/6 and 
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BRASSINOSTEROID INSENSITIVE 2 (BIN2; Fig. 7B; Lampard et al. 2008; Gudesblat 

et al. 2012). The BIN2 is a GLYCOGEN SYNTHASE KINASE 3/SHAGGY-LIKE 

KINASE negatively regulated by brassinosteroid signalling, therefore implementing 

the brassinosteroid phytohormones into the regulation of stomatal development.  

 In stomatal development, the MPK signalling module is similar to the one 

in embryogenesis. It consists of YDA, MKK4/5/7/9 and MPK3/6 (Wang et al. 2007; 

Figure 7. Overview of stomatal development. (A) A depiction of stomata differentiation 

from precursor cells. Cell-type specific expression of transcription factors regulating stomatal 

differentiation is colour-coded: azure for SPEECHLESS (SPCH), blue for MUTE and dark 

blue for FAMA. (B) A scheme of signalling events regulating the asymmetric cell division 

(ACD). The image on the left depicts auxin gradient in the meristemoid mother cell before 

the ACD, with dark orange showing the auxin maxima. (C) An overview of polarized proteins 

after the ACD of the meristemoid mother cell (on the left) and a scheme of interaction between 

key regulators of the ACD and polarized proteins (on the right). Blue arrows show activation; 

red lines mark repression, dashed lines symbolize putative links in the signalling pathway; 

black arrows show modulation of activity; P in a circle marks phosphorylation event. 

Abbreviations: AP2C3, ARABIDOPSIS PROTEIN PHOSPHATASE 2C 3; BASL, 

BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE; BDL, BODENLOS; 

BIN2, BRASSINOSTEROID INSENSITIVE 2; EPF, EPIDERMAL PATTERNING 

FACTOR; ER, ERECTA; ERL, ERECTA-LIKE; MP, MONOPTEROUS; MKP1, MAPK 

PHOSPHATASE 1; MPK, MITOGEN ACTIVATED PROTEIN KINASE; MKK, 

MITOGEN ACTIVATED PROTEIN KINASE KINASE; POLAR, POLAR 

LOCALIZATION DURING ASYMMETRIC DIVISION AND REDISTRIBUTION; SERK, 

SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE; TMM, TOO MANY 

MOUTH; YDA, YODA. 
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Lampard et al. 2009; Wengier et al. 2018). This pathway is probably activated by receptor 

signalling complex consisting of the ERECTA, ERECTA-LIKE PROTEINS, TOO 

MANY MOUTH and SOMATIC EMBRYOGENESIS RECEPTOR KINASEs (Fig. 7B; 

Shpak et al. 2004; Shpak et al. 2005; Meng et al. 2015), which receives signalling 

peptides EPIDERMAL PATTERNING FACTOR 1 and 2, activating the MPK pathway 

(Gray et al. 2008; Hunt and Gray 2009). This can be intercepted through the ligand 

competition by STOMAGEN (Fig. 7B; Hunt et al. 2010; Kondo et al. 2010; Sugano et al. 

2010). YDA is negatively regulated by the BIN2, as are MPK3/6 (Kim et al. 2012; Khan 

et al. 2013). MPK3/6 are also inactivated by the MAPK PHOSPHATASE 1 (MKP1) or 

the ARABIDOPSIS PROTEIN PHOSPHATASE 2C 3 (AP2C3; Umbrasaite et al. 2010; 

Tamnanloo et al. 2018). Apart from targeting the SPCH and SCREAM, both nuclear 

transcription factors (Lampard et al. 2008; Li et al. 2017b), MPK3/6 were recently found 

to affect stomatal development via phosphorylating MAPK SUBSTRATES 

IN THE STOMATAL LINEAGE proteins, which are localized in both the nucleus and 

at the plasma membrane (Xue et al. 2020).  

The phytohormone auxin takes part in regulating stomatal division as it is locally 

depleted from meristemoids before their differentiation into guard mother cells (Fig. 7B; 

Le et al. 2014). This is in contrast with the increased auxin levels in the apical cell, 

the smaller cell emerging after the asymmetric cell division of the zygote (Friml et al. 

2003). On the other hand, the auxin-responsive signalling in the stomatal development 

employs the same proteins as in the embryogenesis, which means that higher levels of 

auxin lead to the activation of the MONOPTEROUS and, in turn, to the activation of 

the STOMAGEN (Zhang et al. 2014). Since higher levels of auxin result in the activation 

of the STOMAGEN, a positive regulator of the asymmetric cell division, the depletion of 

auxin in the meristemoid might facilitate its cell fate determination through the symmetric 

cell division (Le et al. 2014). 

Apart from the cell-to-cell signalling and phytohormones, the initiation of 

the stomatal development depends on polarity proteins, which coordinate the asymmetric 

cell divisions. The plant-specific proteins BREAKING OF ASYMMETRY 

IN STOMATAL LINEAGE (BASL) and POLAR LOCALIZATION DURING 

ASYMMETRIC DIVISION AND REDISTRIBUTION (POLAR) were found to localize 

in a polarity crescent at the cell cortex opposite of the future site of the asymmetric cell 

division and to serve as a scaffold for BIN2 and YDA-MPK cascade (Fig. 7C; Dong et al. 
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2009; Pillitteri et al. 2011; Houbaert et al. 2018). The BASL is phosphorylated by BIN2 

and MPK3/6 (Zhang et al. 2015; Zhang et al. 2016a) and BIN2 also phosphorylates 

POLAR (Houbaert et al. 2018). Additionally, both BASL and POLAR are targets of 

the SPCH (Dong et al. 2009; Pillitteri et al. 2011), which makes them a platform 

integrating multiple regulatory inputs. According to a model suggested by Houbaert et al. 

(2018), BIN2 and MPKs initiate the polarization of BASL and POLAR, which leads to 

sequestering BIN2 and YDA-MPK cascade at the polarity crescent. This relieves the 

inhibition of SPCH, allowing the accumulation of SPCH in the nucleus and, ultimately, 

the asymmetric cell division. After the asymmetric cell division, the complex of kinases 

and proteins determining their subcellular localization is present only in the stomatal 

lineage ground cell, which can exit the stomatal lineage pathway and differentiate into 

the pavement cell. If the levels of BASL and POLAR decrease, it leads to the release of 

BIN2 and YDA-MPK pathway from the polarity crescent, enabling them to inhibit SPCH 

and to further repress the asymmetric cell divisions.  

 

1.2.3. Role of kinases and phosphatases in orienting asymmetric cell divisions 

The prerequisite for a successful asymmetric cell division is overriding the rules 

governing the symmetric cell division. Initially, actin was placed as a factor overcoming 

these rules by altering the positioning of the nucleus during the asymmetric cell division 

instead of microtubules, which are responsible for this function in symmetrical cell 

divisions (Mineyuki and Palevitz 1990; Kennard and Cleary 1997). Nevertheless, 

microtubules and their microtubule associated proteins seem to be essential for 

the progression of the asymmetric cell division as well. One example is that a mutation 

in MOR1 and its tobacco homologue negatively affects the nuclear positioning before 

the asymmetric cell divisions in the male germline (Park et al. 1998; Oh et al. 2010b). 

Similarly, the homologue of TON2 in maize appears to be crucial for the orientation 

of the preprophase band in asymmetric cell divisions in leaf epidermis (Gallagher and 

Smith 1999). As described above, MPK6 is polarized in stomatal precursors before 

the asymmetric cell division and this might affect the formation of mitotic arrays since 

MPK6 regulates several microtubule associated proteins implicated in the cytokinesis 

(Zhang and Dong 2018).  
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Most of the microtubule associated proteins were described regarding their roles 

in the interphase or during the symmetric cell division. The exception is the plant-specific 

kinesin KINUa, which colocalizes with the preprophase band before the nuclear 

breakdown in the asymmetrically dividing stomatal precursors (Sakai et al. 2008; Malcos 

and Cyr 2011). Since the microtubule associated proteins utilized for building mitotic 

microtubule arrays during the symmetric cell division are also necessary for 

the asymmetric cell division (Park et al. 1998; Caillaud et al. 2008), the difference in the 

cell division plane orientation most likely stems from adjusting their regulation according 

to the polarization cues. 

Indeed, several kinases and phosphatases have been implicated in the asymmetric 

cell divisions. When these kinases and phosphatases are placed in a bigger picture of 

the regulatory network behind asymmetric cell divisions, they are frequently associated 

with the cell fate determination (Fig. 6B, 7B). They are expected to also affect mitotic 

array positioning via their interactions with microtubule associated proteins. This is also 

supported by the experimental data showing the participation of kinases and phosphatases 

in formative cell divisions as evidenced by the requirement of AUR kinases for proper 

orientation of the anticlinal cell division initiating the lateral root development 

(Van Damme et al. 2011). A plethora of other kinases affecting the pattern formation was 

described (Tanaka et al. 2002; Nodine et al. 2007), including SOMATIC 

EMBRYOGENESIS RECEPTOR KINASEs (Meng et al. 2015; Zhang et al. 2016b; Li et al. 

2019) and MPKs (Komis, Šamajová, et al. 2018; Wang et al. 2018).  

The function of phosphoprotein phosphatases in asymmetric division has been 

mostly described as indirect. They are known to target PIN-FORMED proteins changing 

their subcellular distribution (Michniewicz et al. 2007; Dai et al. 2012), or to counter 

the CLAVATA signalling (Stone et al. 1994; Song et al. 2006). However, judging from 

their apparent importance for various types of asymmetric cell divisions (Song et al. 2008; 

Spinner et al. 2013), it seems that phosphoprotein phosphatases are involved in symmetry 

breaking more directly.  So far, this has been confirmed for PP2C kinases 

POLTERGEIST and POLTERGEIST-LIKE (Song and Clark 2005; Song et al. 2008). 
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1.2.3.1. YDA-MPK3/6 cascade affects pattern formation 

The YDA-MKK4/5-MPK3/6 signalling cascade appears to target both master regulators 

of the cell fate determination (Fig. 6B, 7B; Lampard et al. 2009; Ueda et al. 2017) and 

microtubule associated proteins involved in the formation of mitotic microtubule arrays 

(Fig. 5; Smertenko et al. 2006; Kohoutová et al. 2015). Thus, this pathway affects both 

cell fate determination and pattern formation, two key mechanisms behind formative cell 

divisions. Moreover, members of this module affect several pattern formation events 

throughout the plant ontogenesis (reviewed in Komis et al. 2018a). The whole YDA-

MKK4/5-MPK3/6 module functions in the embryonic development, stomatal 

differentiation pathway and the establishment of the inflorescence architecture 

(Bergmann et al. 2004; Lukowitz et al. 2004; Wang et al. 2007; Meng et al. 2012). Both 

YDA and MPK6 affect the root development (Müller et al. 2010; López-Bucio et al. 

2013; Smékalová et al. 2014), even though no root development phenotypes were 

described in mpk3 mutants so far. Moreover, MPK3 and MPK6 are involved in the anther, 

ovule and floral development (Bush and Krysan 2007; Hord et al. 2008; Wang et al. 2008; 

López-Bucio et al. 2013). 

Because of the extensive integration of this MPK pathway in the plant 

ontogenesis, it is apparent that its signalling specificity must be secured. For ensuring 

signalling specificity of MPKs, plant cells generally employ several mechanisms: 

(i) distinct cell types differ in the expression of upstream effectors and/or substrates; 

(ii) specific combinations of ligand-receptor lead to distinct outcomes (Sugano et al. 

2010); (iii) involvement of various MKKs in the module, for MKKs are the point of 

convergence (Lampard et al. 2014); (iv) quantitative differences in the signal strength 

and/or timing (Beck et al. 2010); (v) specific subcellular localization arranged by 

scaffolding, adaptor or anchoring proteins (Kohoutová et al. 2015; Zhang et al. 2015); 

(vi) cross-inhibition and feedback control.  

Additionally, MPK3 and MPK6 have partially redundant functions with 

overlapping substrate specificity (Popescu et al. 2009; Sörensson et al. 2012), yet in some 

cases, they seem to be noninterchangeable (Bush and Krysan 2007; López-Bucio et al. 

2013). The negative regulation of MPK3/6 in these developmental events seems to be 

executed by reversible de/phosphorylation. The only known kinase capable of 

inactivating MPK3/6 remains BIN2 (Kim et al. 2012). On the other hand, the AP2C3 and 

MKP1 phosphatases were described to inhibit the activity of MPK3/6 (Umbrasaite et al. 
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2010; Tamnanloo et al. 2018). By regulating MPK3/6, both AP2C3 and MKP1 markedly 

affect stomatal differentiation, which is apparent in mutants deficient in these 

phosphatases (Umbrasaite et al. 2010; Tamnanloo et al. 2018). Moreover, the loss of 

MKP1 rescued various growth and developmental defects of yda mutants indicating that 

MKP1 may govern YDA-MPK3/6 in other developmental events as well (Tamnanloo 

et al. 2018). Presumably, other phosphatases are regulating the activity of MPK3/6 

as well. 

 

  



40 
 

1.3. The role of HSP90s in plant development 

The members of the protein family HEAT SHOCK PROTEIN 90 (HSP90s) are present 

in prokaryotes and eukaryotes, showing the high evolutionary conservation. Primarily, 

they function as chaperones aiding other proteins to correctly fold or re-fold their tertiary 

structures. To achieve this, they cooperate with cochaperones to bind their clients and to 

alter their structure during the chaperone cycle (Taipale et al. 2010). HSP90s are 

constantly expressed and their protein levels rapidly rise in response to stress conditions.  

There are seven members of the HSP90 protein family in Arabidopsis. 

In cytoplasm and nucleus are present HSP90.1-4, while HSP90.5-7 are localized 

in chloroplasts, mitochondria and the endoplasmic reticulum, respectively (Krishna and 

Gloor 2001). Three of the cytoplasmic HSP90s, HSP90.2-4, are constitutively expressed. 

Not only do they share high sequence homology, but their single loss-of-function mutants 

also show low penetrance phenotypes while double mutants are lethal (Hubert et al. 

2003). This is related to the fact that their genes originated in a relatively recent gene 

duplication events and that they are functionally redundant (Krishna and Gloor 2001; Xu 

et al. 2012). On the other hand, the expression of HSP90.1 is low under normal conditions 

and dramatically increases under stress conditions (Haralampidis et al. 2002) making it 

a profound heat shock protein. 

The hsp90 mutants have pleiotropic phenotypes owing to the fact that HSP90s 

provide plant cells with genetic buffering (Queitsch et al. 2002). The genetic buffering is 

the ability of HSP90s to correctly fold mutated proteins, thus, to mask mutations or 

polymorphisms. Once HSP90s are depleted, the mutants exhibit relatively mild defects 

under normal conditions, but stronger phenotypes under stress conditions that challenge 

protein homeostasis (Taipale et al. 2010). Conclusively, HSP90s provide plants with 

a buffering system coordinating organismal development with internal inputs and 

environmental cues. 

 The expression of plant HSP90s was shown to be developmentally regulated 

(Prasinos et al. 2005). Moreover, the loss-of-function mutants show morphological 

defects (Xu et al. 2012). These observations suggest that HSP90s are important for plant 

development. 

The uncovering of the role of HSP90s in plant development is especially 

challenging due to their functional redundancy and complex interactions with 
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cochaperones and a plethora of client proteins. Nevertheless, several studies revealed 

their integration in developmental signalling networks (reviewed in Tichá et al. 2020). 

The cytoplasmic HSP90s interact with signalling networks, serving as a central hub 

connecting these pathways with environmental cues. Moreover, they are known to 

colocalize with cortical microtubules and the phragmoplast (Freudenreich and Nick 1998; 

Krtková et al. 2012) and to affect microtubule remodelling through yet unknown 

mechanism, which possibly includes other client or interacting proteins (Queitsch et al. 

2002; Weis et al. 2010). Their integration in developmental signalling pathways and their 

activity in microtubule remodelling nominate them as candidates for modulation the cell 

division plane orientation during asymmetric cell division.  
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2. Materials and methods 

2.1. Plant material and growth conditions 

Arabidopsis thaliana (L.) Heynh. plants of the Columbia (Col-0) ecotype were used as 

wild type. All mutant lines and marker lines used in this study are listed in Tables 4, 5. 

Arabidopsis seeds were sterilized in 1% (v/v) NaOCl supplemented with 0.02% (v/v) 

Tween 20. Seeds were planted onto half-strength Murashige Skoog medium 

supplemented with 1% (w/v) sucrose.  

 

Table 4: List of lines used in this study.  

 

Genotype Description Reference/source 

hsp90.1 T-DNA insertional mutation in 

HSP90.1 (At5g52640; SALK_007614) 

(Hubert et al. 2009) 

hsp90.2 T-DNA insertional mutation in 

HSP90.2 (At5g56030; SALK_038646) 

(Hubert et al. 2003) 

hsp90RNAi RNAi silencing of cytoplasmic 

HSP90s (RAC2::HSP90RNAi) 

(Samakovli et al. 

2020) 

mpk3-1 T-DNA insertional mutation in MPK3 

(At3g45640; SALK_151594) 

(Alonso et al. 

2003) 

mpk6-2 T-DNA insertional mutation in MPK6 

(At2g43790; SALK_073907) 

(Liu and Zhang 

2004) 

mpk6AEF TEY activation loop motif changed to 

AEF in MPK6; dominant-negative 

version of MPK6 (At2g43790) 

(Bush and Krysan 

2007) 

rcn1-6 T-DNA insertional mutation in RCN1 

(At1g25490; SALK_059903) 

(Blakeslee et al. 

2008) 

ton2-5 nonsense mutation in TON2 

(At5g18580) 

(Camilleri et al. 

2002) 

yda insertional mutation in YDA 

(At1g63700) 

(Lukowitz et al. 

2004) 

ΔNyda deletion in N-terminal regulatory 

domain of YDA (At1g63700); gain-of-

function 

(Bergmann et al. 

2004) 

CaMV35S::TUA6:GFP 

(TUA6-GFP) 

GFP-labelled tubulin driven under 

constitutively active promoter 

(Shaw et al. 2003) 

DR5::GFP GFP driven under synthetic auxin 

responsive promoter 

(Friml et al. 2003) 

MAP65-2::eGFP:MAP65-2 

(eGFP-MAP65-2) 

eGFP-MAP65-2 fusion protein driven 

under native promoter 

Pavel Křenek 

MAP65-2::tagRFP:MAP65-2 

(tagRFP-MAP65-2) 

tagRFP-MAP65-2 fusion protein 

driven under native promoter 

Pavel Křenek 

MAP65-2::eGFP:MAP65-3 

(eGFP-MAP65-3) 

eGFP-MAP65-3 fusion protein driven 

under native promoter 

Pavel Křenek 

WOX8::NLS:YFP NLS-YFP driven under WOX8 

promoter 

(Breuninger et al. 

2008) 
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Table 5: List of crossed lines used in this study.  

 

First parental line Second parental line Authors 

mpk6-2 rcn1-6 Tereza Vavrdová 

yda hsp90.1; hsp90.2; hsp90RNAi Despina Samakovli 

ΔNyda hsp90.1; hsp90.2; hsp90RNAi Despina Samakovli 

DR5::GFP yda; ΔNyda; mpk3-1; mpk6-2; mpk6AEF; 

rcn1-6; ton2-5; hsp90.1; hsp90.2; 

hsp90RNAi; hsp90.1 yda 

Despina Samakovli, 

Tereza Vavrdová 

WOX8::NLS:YFP yda; ΔNyda; mpk3-1; mpk6-2; mpk6AEF; 

rcn1-6; ton2-5; hsp90.1; hsp90.2; hsp90RNAi 

Despina Samakovli, 

Tereza Vavrdová 

tagRFP-MAP65-2 TUA6-GFP; eGFP-MAP65-3 Tereza Vavrdová 

 

Media were solidified either with Phytoagar (Duchefa Biochemie, Czech 

Republic) or agarose (catalogue designation A9539; Sigma-Aldrich, USA), in case 

cantharidin was added. Plants were grown in the long day conditions (16 h light/8 h dark) 

at 22ºC. For phosphatase inhibitor treatment, 1 mM cantharidin (Sigma-Aldrich, USA) 

diluted in dimethyl sulfoxide was added to the media to the final concentrations 

of 1/3/5/10 µM. For the mock treatment, dimethyl sulfoxide was added to the media 

in the amount corresponding to the amount of dimethyl sulfoxide in 10 µM cantharidin 

treatments. The experimental setup, specifically the cantharidin concentration and 

planting seeds directly onto media containing cantharidin, was based on previous studies 

(Deruere et al. 1999; Shin et al. 2005). 

Generally, for the molecular biology techniques, standard protocols (Green et al. 

2012) and manufacturer instructions were followed. Mutant lines were genotyped using 

primers listed in Table 6, and the Phire Plant Direct Kit (Thermo Fisher Scientific, USA). 

Briefly, plant tissue was resuspended in the dilution buffer (Phire Plant Direct Kit) and 

after incubation for 30 min at -20ºC, this was used as a template in a PCR reaction 

(1 µl sample, 0.4 µl Phire Hot Start II DNA Polymerase, 1× dedicated buffer, 0.5 µM of 

each primer; final volume 20 µl). The experimental setup was: initial denaturation at 98ºC 

for 3 min; 40× cycle of denaturation at 98ºC for 5 s, annealing at the temperature specific 

for the primer pair for 5 s and extension at 72ºC for 40 s; final extension at 72ºC for 5 

min. The annealing temperature for specific primer pairs was set at 68ºC for RP+LP 

primer pairs, 65ºC for RP+LB primer pairs, and 64ºC for genotyping ton2-5; these values 

were based on the instructions from the manufacturer. In the case of the ethyl methane 

sulfonate-induced mutant ton2-5, PCR genotyping was followed by digestion with PstI, 

because the point mutation disrupts the restriction site for PstI. The enzymatic digestion 
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of the PCR product (5 µl sample, 1 U PstI, 1× buffer O (Thermo Fisher Scientific, USA); 

final volume 20 µl) was performed by incubation at 37ºC for 1 h. Results from the PCR 

and enzymatic digestion were visualized by 1% agarose electrophoresis in 1× TAE buffer 

(40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA with pH 8) with the equipment and 

source from the Bio-Rad (USA). The DNA stained with the Midori Green Advance DNA 

stain (Nippon Genetics, Japan) was visualized by the Gel Doc EZ Imager (Bio-Rad, 

USA) and the software Image Lab (Bio-Rad, USA).  

Young seedlings and embryos of sterile mutants, specifically yda, ΔNyda and 

ton2-5, were selected based on previously described phenotypes (Camilleri et al. 2002; 

Bergmann et al. 2004; Lukowitz et al. 2004). Similarly, the dominant negative mpk6AEF 

plants were selected based on their stomatal clustering phenotype (Bush and Krysan 

2007). Double mutants and crosses between mutant and marker lines were analyzed as 

homozygous mutants in the F3 generation.  

 

Table 6: List of primers used in this study.  

 

Genotyping primers   

hsp90.1 LP  5’-TCAGACCCAACTTCAACATCC-3’ 

hsp90.1 RP   5’-TGACCAATGACTGGGAAGATC-3’ 

hsp90.2 LP  5’-TCCATAGGTTATTGCACTGGC-3’   

hsp90.2 RP 5’-CACAAAAAGCTTCGCAACTTC-3’  

yda Ler F1 5’-CGACGACGTGATGAGATTGTG-3’ 

yda Ler R1 5’-GCTGAGTAGCCATATCTCCACC-3’ 

yda APR Rv2 5’-CCACCGGAGACATACTCCAG-3’ 

yda APR Fw2 5’-CACGCTGTCAGAGTTTTGCAG-3’ 

yda APR Rv2 5’-CCACCGGAGACATACTCCAG-3’ 

yda APR Rv3 5’-TAGAAGCTCGAGGTGCATGC-3’ 

mpk3-1 LP 5’-ATTTTTGTCAACAATGGCCTG-3’ 

mpk3-1 RP 5’-TCTGCCTTTTCACGGAATATG-3’ 

mpk6-2 LP 5’- CTCTGGCTCATCGCTTATGTC-3’ 

mpk6-2 RP 5’-ATCTATGTTGGCGTTTGCAAC -3’ 

rcn1-6 LP 5’-GGCCAGCCAGTTAGGTATAGG-3’ 

rcn1-6 RP 5’-AAACATAGCCACACGCATTTC-3’ 

ton2-5 Fw 5’-AGTCGTCCTACCTGCAAATGT-3’ 

ton2-5 Rv 5’-ACAAAATAGCACACCCACCA-3’ 

LBb1.3 5’-ATTTTGCCGATTTCGGAAC-3’ 

Primers for cloning  

RCN1 Fw EcoRI 5’-AAAAgaattcATGGCTATGGTAGATGAACC-3’ 

RCN1_Rv_BamHI 5’-TTTTggatccTCAGGATTGTGCTGCTGT-3’ 
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2.2. Methods 

2.2.1. Yeast two-hybrid assay 

For yeast two-hybrid assay, the Matchmaker GAL4 two-hybrid system was used 

(Clontech, USA). The strategy for cloning was planned either in A plasmid Editor 

software (M. Wayne Davis; available at jorgensen.biology.utah.edu/wayned/ape/) or 

the SnapGene® software (from GSL Biotech; available at snapgene.com), which was also 

used for generating Fig. 8-10. The sequence of RCN1 cDNA was accessed from The 

Arabidopsis Information Resource (At1g25490; Berardini et al. 2015). 

The RNA was extracted by phenol-chloroform extraction from the tissue from 

the wild type plants. Briefly, homogenized plant tissues were mixed with 1:1 RNA-

extraction buffer (100 mM Tris-HCl pH 9.5, 0.5% (w/v) SDS):phenol while working 

in liquid nitrogen. Samples were centrifuged repeatedly (16000× g; 10 min) and 

the supernatant was transferred first to 25:24:1 phenol:chloroform:isoamyl alcohol, then 

to 24:1 chloroform:isoamyl alcohol, and finally to absolute ethanol supplemented 

with 130 mM CH3COONa. After overnight incubation at -80ºC, samples were 

centrifuged (16000× g; 40 min; 4ºC), and the dried pellet was diluted in RNAse free 

water. The sample was treated with DNAse I (50 µl sample, 4 U DNAse I (Thermo Fisher 

Scientific, USA), 1 U rRNasin (Promega, USA), 1× DNAse I-dedicated buffer; final 

volume 100 µl) at 37ºC for 1 h. Then, the phenol-chloroform extraction was repeated. 

The quality of the RNA was assessed by 1% agarose electrophoresis and the quantity was 

measured by the NanoDrop Lite spectrophotometer (Thermo Fisher Scientific, USA). 

By reverse transcription (1.5 µg RNA, 160 U M-MLV RT (Promega, USA), 

20 U rRNasin, 5 µM oligo(dT), 0.5 mM dNTPs; final volume 20 µl; incubated 1 h 

at 42ºC), the cDNA was generated.   

Using the primers listed in Table 6, the cDNA of RCN1 was first amplified using 

the iProof High-Fidelity DNA Polymerase (Bio-Rad, USA). The template (1 µl) was 

mixed with other reagents (1 U High-Fidelity DNA Polymerase, 0.5 µM of each primer, 

200 µM dNTPs, 1× dedicated buffer; final volume 50 µl) and the reaction was set up as 

follows: initial denaturation at 98ºC for 30 s; 30× cycle of denaturation at 98ºC for 10 s, 

64ºC for 20 s and extension at 72ºC for 60 s; final extension at 72ºC for 10 s.  The PCR 

product was extended by Taq polymerase (2.5 U Taq polymerase (Thermo Fisher 

Scientific, USA); incubated at 95ºC for 5 min, then 72ºC for 10 min). Following the 

https://www.snapgene.com/


46 
 

agarose electrophoresis, the PCR product was excised and purified using the 

NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, Germany). 

The purified PCR product was cloned into the pGEM-T Easy (Promega, USA) 

by ligation (90 ng PCR product, 50 ng pGEM-T Easy vector, 3 U T4 DNA ligase, 

1× dedicated buffer; final volume 10 µl). The ligation product was used for 

the transformation of chemocompetent Escherichia coli Top10 cells (Green et al. 2012). 

From the selected clones, plasmid DNA was extracted via the QIAprep Spin Miniprep 

Kit (Qiagen, Germany). The region of interest was excised using EcoRI and BamHI 

(1 µg plasmid DNA; 1 U EcoRI, 2 U BamHI, 2× Tango buffer (Thermo Fisher Scientific, 

USA); final volume 30 µl); and similar reaction was used to prepare the pGADT7 vector 

(Fig. 8) for the ligation. The products of restrictions were subjected to agarose 

electrophoresis, then the regions corresponding to the insert and vector, were excised, 

Figure. 8. Plasmid map of pGADT7. The SnapGene software was used for the visualization 

of a plasmid map provided by Clontech (USA). 
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purified and used for ligation (60 ng insert, 60 ng pGADT7; 5 U T4 DNA ligase, 1× 

dedicated buffer (Thermo Fisher Scientific, USA), 5% (v/v) polyethylene glycol). 

The product of ligation was used for the transformation of chemocompetent cells. 

Plasmid DNA was isolated from clones growing on selection media and restriction 

analysis confirmed the successful preparation of pGADT7-RCN1 (Fig. 9, 10). The other 

plasmids used for the yeast two-hybrid assay were prepared similarly by Despina 

Samakovli, Ivan Luptovčiak and Tereza Tichá.  

The yeast strain SG335 was used to prepare yeast cotransformants and they were 

tested on Syntetic Dropout-Leu,Trp (SD-Leu,Trp) medium (Sigma-Aldrich, USA). Interactions 

were tested on SD-Leu,Trp,His; SD-Leu,Trp,His supplemented with 10 mM 3-amino-1,2,4-

triazole (Sigma-Aldrich, USA); or SD-Leu,Trp,His,Ade.   

 

Figure 9. Plasmid map of pGADT7-RCN1. The SnapGene software was used for 

the construction of a plasmid map. 
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2.2.2. Protein immunodetection 

Proteins were extracted using the extraction buffer (50 mM HEPES, pH 7.5, 75 mM NaCl, 

1 mM EGTA, 1 mM MgCl2, 1 mM NaF, 10% (v/v) glycerol, 50 mM dithiothreitol) 

supplemented with cOmplete and PhosSTOP (Roche, Switzerland) and their 

concentration was measured via Bradford assay using bovine serum albumin (BSA) as 

a standard. Denaturated proteins were loaded on the Mini PROTEAN 10% TGX 

Stain-Free gels (Bio-Rad, USA) containing 0.1% (w/v) sodium dodecyl sulfate. 

Afterwards, proteins were transferred on polyvinyl difluoride membranes. After blocking 

with 5% (w/v) BSA in Tween 20-supplemented Tris-buffered saline (TBS-T; 

100 mM Tris-HCl, pH 7.4, 1.5 mM NaCl, 0,1% (v/v) Tween 20) overnight, the 

membranes were incubated with primary antibodies appropriately diluted in TBS-T: 

polyclonal rabbit pTEpY (anti-phospho-Thr-Glu-phospho-Tyr; Cell Signaling 

Technology, Czech Republic) diluted 1:1000, monoclonal rabbit anti-MPK3 (Sigma-

Aldrich, USA) diluted 1:3000, monoclonal rabbit anti-MPK6 (Sigma-Aldrich, USA) 

diluted 1:15000, monoclonal mouse anti-β-tubulin (Sigma-Aldrich, USA) diluted 1:1000 

in 5% BSA in TBS-T during overnight incubation. The secondary antibodies, horseradish 

 

Figure 10. Confirmation of clonning the pGADT7-RCN1. (A) In silico prediction of 

electrophoresis of plasmids digested by restriction enzymes. (B) Results from electrophoresis 

of plasmids digested by the indicated restriction enzymes. For molecular weight (MW) 

estimation was used GeneRuler 1 kb Plus DNA Ladder (Thermo Fisher Scientific, USA). (C) 

Table lists predicted sizes of bands upon digestion of plasmids by restriction enzymes. (A,C) 

The SnapGene software was used for the in silico analysis.  

MW 

[kb] 

p
G

A
D

T
7
, 
H

in
d

II
I 

p
G

A
D

T
7

-R
C

N
1
 

p
G

A
D

T
7
-R

C
N

1
, 

H
in

d
II
I 

p
G

A
D

T
7

-R
C

N
1
, 

E
c
o
R

I 
+

 B
a
m

H
I 

p
G

A
D

T
7
, 
H

in
d

II
I 

p
G

A
D

T
7
-R

C
N

1
, 

H
in

d
II
I 

p
G

A
D

T
7

-R
C

N
1
, 

E
c
o
R

I 
+

 B
a
m

H
I A 

MW 

[kb] 
MW 

[kb] 

B C 



49 
 

peroxidase-conjugated goat anti-rabbit or anti-mouse IgG antibody (Santa Cruz 

Biotechnology, USA), were diluted 1:5000 and incubation was for 2 h. 

For chemiluminescence detection, Clarity Western ECL kit (Bio-Rad, USA) and 

the ChemiDoc MP imaging system (Bio-Rad, USA) were used and the following 

densitometric analysis was performed in the software Image Lab (Bio-Rad, USA).  

 The signal intensities measured by the densitometric analysis were used for 

calculating the relative protein levels:  

relative level of MPK=
MPK rcn1-6 MPKCol-0⁄

TUBrcn1-6 TUBCol-0⁄
  

where "MPK" refers to signal intensity measured for either MPK3 or MPK6 and "TUB" 

refers to signal intensity measured for the tubulin. The formula for calculating the relative 

levels of phosphorylated proteins was: 

relative level of pMPK=
pMPKrcn1-6 pMPKCol-0

⁄

TUBrcn1-6 TUBCol-0⁄
×

MPKrcn1-6 MPKCol-0⁄

TUBrcn1-6 TUBCol-0⁄
  

where "pMPK" refers to signal intensity measured for either pMPK3 or pMPK6, "MPK" 

refers to signal intensity measured for either MPK3 or MPK6 and "TUB" refers to signal 

intensity measured for the tubulin. Relative protein levels and relative levels of 

phosphorylated proteins were first calculated separately for each membrane, then 

the values were averaged. 

 

2.2.3. Microscopic analysis 

2.2.3.1. Live cell imaging 

The marker lines expressing the respective chimeric fluorescent protein were selected 

on the stereo microscope M165 FC (Leica, Germany) or, in the case of eGFP-MAP65-3, 

on the epifluorescent microscope Imager M2 (Carl Zeiss, Germany). Macroscopic images 

of seedlings were taken on the stereo microscope. 

For analyzing DR5::GFP (Friml et al. 2003) and WOX8::NLS:YFP (Breuninger 

et al. 2008) in reproductive tissues, ovules and seeds were extracted into the water 

onto a slide and observed in the epifluorescent microscope. The DR5::GFP marker line 

was also examined in roots of 5 days after germination (DAG) old seedlings, which were 

stained with 5 µM FM4-64 staining (Thermo Fisher Scientific, USA) for 10 min, and 

observed under confocal laser scanning microscope (CLSM) LSM 710 (Carl Zeiss, 
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Germany). The setup of CLSM was: 10×/0.30 NA Plan-Neofluar or 20×/0.80 NA Plan-

Apochromat objectives, 488 nm excitation laser line and pinhole opened at 1 AU; 

detected wavelengths 493-579 nm and 622-759 nm; photomultiplier tube detector. 

The visualization of TUA6-GFP, eGFP-MAP65-2, tagRFP-MAP65-2, and eGFP-

MAP65-3 was performed on either the Axio Observer LSM 880 with Airyscan (ACLSM; 

Carl Zeiss, Germany) or the Axio Observer Z.1 equipped with the Elyra PS.1 

superresolution system supporting the structured illumination microscopy (SIM) module 

(Carl Zeiss, Germany). For these experiments, 3-4 DAG old seedlings were first selected 

according to the signal expression, then they were transferred onto a slide into liquid half-

strength Murashige Skoog medium.  

The setup of the ACLSM and SIM platforms was: 40×/1.40 NA, 63×/1.40 NA, 

100×/1.46 NA or 100×/1.57 NA, oil-immersion, Plan-Apochromat objectives 

with appropriate oil (Immersol 518F with the refractive index of 1.518, and Immersol HI 

with the refractive index of 1.66 for 100×/1.57 NA objective, respectively; Carl Zeiss, 

Germany). Samples were illuminated with a 488 nm laser line for GFP and a 561 nm laser 

line for tagRFP. While working with the super-resolution mode of the ACLSM platform, 

emission was collected via beam splitter and emission filters BP420-480+BP495-550 

for GFP detection and BP495-550+LP570 for tagRFP; the signal was detected 

by a 32 GaAsP (gallium arsenide phosphide) detector with a fully opened pinhole. 

Splitter beams and emission filters used in the SIM platform were BP495-575+LP750 

for GFP and BP570-620+LP750 for tagRFP. The SIM platform was equipped 

with a PCO.Edge 5.5 scientific complementary metal-oxide-semiconductor camera 

(PCO AG, Germany). For the setup for SIM, either five rotations and five phase steps or 

three rotations and five phase steps were used when acquiring time lapsed images (Komis 

et al. 2014). 

To prepare samples for the light-sheet Axio Observer SPIM (Carl Zeiss, 

Germany), 2-3 DAG old plants expressing both GFP and tagRFP were mounted 

into solidified culture medium within the fluorinated ethylene propylene tubes (Wolf-

Technik, Germany) according to the “open system” protocol (Ovečka et al. 2015). 

The sample was inserted into the observation chamber, which was filled with a sterile 

liquid medium, in a way enabling imaging of the root in the block of the solidified 

medium outside the tube and during a constant temperature of 22ºC. For image 
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acquisition the following setup was used: W Plan-Apochromat 40x/1.0 NA objective and 

two light-sheet fluorescence microscopy (LSFM) 10x/0.2 NA illumination objectives; 

the excitation laser lines 488 and 561 nm; the detection wavelength 498 and 571 nm; 

the PCO.Edge 5.5 complementary metal-oxide-semiconductor camera (PCO AG, 

Germany). 

 

2.2.3.2. Microscopy of fixed samples 

For Nomarski microscopy, siliques were fixed in 3:1 (v/v) ethanol:acetic acid solution, 

then the seeds were mounted in chloral hydrate solution (8 g chloral hydrate, 

1 ml glycerol, 3 ml water). Samples were observed in the epifluorescent microscope. 

Modified pseudo-Schiff propidium iodide staining was performed as described 

previously (Truernit et al. 2008). Briefly, siliques were slit open at one side and fixed 

(50% (v/v) methanol, 10% (v/v) acetic acid). After incubation in 1% (w/v) SDS and 

0.2 M NaOH, samples were discoloured in 10% (v/v) NaOCl (Sigma-Aldrich, USA). 

Before the propidium iodide staining, samples were pre-treated with 1% (w/v) periodic 

acid. Finally, staining was achieved with Schiff reagent solution (100 mM Na2S2O5, 

0.15 M HCl, 100 µg ml-1 propidium iodide). Samples were mounted in chloral hydrate, 

then observed on CLSM. The setup was similar as described above with the 40x/1.4 NA 

Plan-Apochromat, oil immersion objective; 514 nm excitation laser line, and detection 

of the wavelength range 566-719 nm. 

The root wholemount immunolocalization was based on previously published 

protocols (Sauer et al. 2006; Šamajová et al. 2014) with notable changes. Seedlings were 

fixed in 4% (v/v) formaldehyde (Polysciences, USA) in microtubule stabilizing buffer 

(MTSB; 25 mM K-PIPES, pH 6.8; 2.5 mM EGTA; 2.5 mM MgSO4×7H2O) supplemented 

with 0.01% (v/v) Triton X-100) and incubated for 1 h at room temperature. Next, cell 

walls were digested using enzyme solution (2% (w/v) Cellulase Onozuka R10, 0.5% 

(w/v) Cellulase Onozuka RS, 1% (w/v) Macerozyme R10, 1% (w/v) Meicelase, 0.1% 

(w/v) Pectolyase Y23; all enzymes were from Desert Biologicals, USA) for 30 min at 

room temperature. After washing with MTSB and phosphate buffered saline (PBS; 

pH 7.4), samples were incubated in the permeabilization solution (10% (v/v) 

dimethyl sulfoxide, 2% (v/v) Nonidet P40, 0.01% (v/v) Triton X-100 in PBS, pH 7.4) 

for 15 min and washed in PBS afterwards. Blocking was performed overnight in blocking 

solution (3% (w/v) BSA and 0.5% (w/v) polyacetylated BSA in PBS). Subsequently, 
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samples were incubated in primary antibody: rat monoclonal anti-α tubulin antibody (Bio-

Rad, USA) diluted 1:300, Atto 488-conjugated alpaca anti-GFP nanobody (Chromotek, 

Germany) diluted 1:100, or rabbit polyclonal anti-RFP antibody (Thermo Fisher 

Scientific, USA) diluted 1:100; in blocking solution at room temperature overnight. Next 

day, samples were extensively washed with PBS, then blocked with blocking solution 

for 1 h and incubated with secondary antibody: Alexa Fluor 647-conjugated goat anti-rat 

antibody (Thermo Fisher Scienticific, USA), or Alexa Fluor 546-conjugated goat anti-

rabbit antibody (Thermo Fisher Scienticific, USA) diluted 1:500; in blocking solution 

overnight at 37ºC (this step was omitted when using the anti-GFP nanobody). 

After washing in PBS, samples were counterstained with DAPI (4',6-diamidino-2-

phenylindole dihydrochloride) and mounted on slides using the mounting media (90% 

(v/v) glycerol with 100 mM tris(hydroxymethyl)aminomethane-HCl, pH 8.8; 

supplemented with 0.1% (w/v) paraphenylenediamine). Samples were observed 

on the SIM platform using settings described above; with laser lines 405 nm for DAPI, 

488 nm for Atto 488, 561 nm for Alexa Fluor 546, and 642 nm for Alexa Fluor 647; and 

emission filters BP420-480+LP750 for DAPI, BP495-550+LP750 for Atto 488, BP570-

620+LP750 for Alexa Fluor 546, and LP655 for Alexa Fluor 647.  

 

2.2.4. Image processing and data analysis 

All microscopic data were reconstructed and analysed on appropriate Zeiss Zen software 

(Carl Zeiss, Germany), either Blue or Black version, depending on the microscopic 

platform. Zen software was also used for suspensor length measurement, fluorescence 

intensity profiling and for generating kymographs (Komis et al. 2014). Root length, the 

distance between the root tip and first root hair, angles and distances in kymographs were 

measured in ImageJ (Schneider et al. 2012). 

 For measuring the full-width at half maximum (FWHM), the profile 

measurements were first normalized based on the minimum-maximum scaling according 

to the formula:  

X'=
X-Xmin

Xmax-Xmin
  

where X' is the normalized value of the measured value X, Xmin and Xmax are the minimum 

and maximum values within the dataset of the profile intensity measurement. Under the 
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condition of the Gaussian distribution of the normalized profile intensity measurement, 

the value of FWHM is equal to 2.3555 SD. However, the ImageJ was used to measure 

the FWHM in the graphs presenting the normalized signal intensity plotted against the 

distance. 

Images of propidium-iodide stained embryos had their colour inverted in ImageJ.  

The parameters describing MAP65-2 dynamics were calculated as described 

previously (Smal et al. 2010); growth and shrinkage rates were established by correcting 

the tangent of measured angles (corresponding to either growth or shrinkage) 

with the pixel size and the frame rate specific for each acquisition. Specifically, 

the formula used for calculating the growth rates was:  

G=tanθ×pixel size×fps  

where tanθ is tangential of the growth slope, pixel size is in µm, and fps is the frame rate 

of the acquisition (framessec-1). Similarly, the shrinkage rate was calculated as: 

S=tanφ×pixel size×fps  

where tanφ is tangential of the shrinkage slope, pixel size is in µm, and fps is the frame 

rate of the acquisition (framessec-1). The rescue and catastrophe rates were calculated 

by dividing the sum of shrinkage/growth onset events observed by the total amount of 

time spent in growth or shrinkage phases, respectively (Kapoor et al. 2019). The equation 

for the catastrophe frequency is:  

fcat=
Ncat

tgrowth

 

where the Ncat is the total number of catastrophe events and tgrowth is the total time spent 

in growth, regarding all the growth events considered. The rescue frequency was 

calculated according to the following equation:  

fres=
Nres

tshrinkage
  

where Nres is the total number of rescue events and tshrinkage is the total time spent 

in shrinkage, regarding all the shrinkage events considered. 

 



54 
 

2.2.5. In silico and statistical analysis 

In silico analysis were used for several schemes presented in Fig. 2-4. The amino acid 

sequences of Arabidopsis MAP65s and their homologues were obtained from 

the UniProtKB database (The UniProt Consortium 2019). The multisite alignment was 

calculated both by the Clustal Omega (Madeira et al. 2019) and the COBALT 

(Papadopoulos and Agarwala 2007) using the default settings. The subsequent analysis 

was performed in the Jalview (version 2.11; Waterhouse et al. 2009) and the Multiple 

Sequence Alignment Viewer (version 1.13.1.; Madeira et al. 2019).  The position of 

domains within Arabidopsis MAP65s and the yeast Ase1p was determined based 

on the multisite sequence alignment, the information on the localization of domains 

in the PRC1, and the predicted localization of tubulin-binding sites presented in the 

UniProtKB.  

 The speculative network of protein kinases and phosphatases targeting 

microtubule associated proteins and the cortical division zone markers (Fig. 5) is 

constructed from the information presented in previous studies, which are cited 

accordingly in the text of Chapter 1, in vitro interaction studies recorded in BioGRID 

(Oughtred et al. 2019) or in silico predictions listen in STRING (Szklarczyk et al. 2015). 

For the statistical analysis, the software STATISTICA (version 13.4.0.14; 

Statsoft, USA) was used. Generally, all datasets were first subjected to Shapiro-Wilk W 

test and Levene's test to test the normality and homogeneity. Based on their results, 

appropriate tests were chosen. For pair-wise comparisons was used Mann-Whitney U test. 

For comparison of three or more categories were employed ANOVA or Welch´s ANOVA 

followed by Tukey's test of honest significant difference corrected for unequal sample 

size, or Scheffé's test; or Kruskal-Wallis test. Statistical significance was determined 

based on the calculated p-values. In the case of datasets with a high number of 

measurements, p-values were subjected to Holm-Bonferroni correction in the Microsoft 

Excel Workbook (Gaetano 2013).  
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3. Results 

3.1. PP2A affects the function of MPK3 and MPK6 in plant 

development 

3.1.1. Loss-of-function mpk3, mpk6 mutants are less sensitive to phosphatase 

inhibitor treatment 

Even though both the YDA-MPK pathway and PP2A are functionally implicated 

in the cell division plane orientation, it has remained unclear whether these two regulatory 

elements interact with each other. To investigate the putative connection between them, 

loss-of-function mpk3 and mpk6 mutants were subjected to the phosphatase inhibitor 

treatment (Fig. 11). For the treatment was chosen cantharidin, an inhibitor of both PP1 

and PP2A (Honkanen 1993), which is known to bind to PP2A (Li and Casida 1992) and 

it has higher selectivity towards PP2A (Li et al. 2010b) compared to other phosphatase 

inhibitors. Moreover, it has been previously shown in plants that especially at lower 

concentrations (in the range from 3 to 10 µM), cantharidin primarily targets the regulatory 

activity of RCN1 (Deruere et al. 1999; Shin et al. 2005) and at the concentration of 3 µM, 

it phenocopies rcn1 loss-of-function mutant in cell elongation processes leading to shorter 

hypocotyls and roots (Deruere et al. 1999).  

0 µM 1 µM 3 µM 5 µM 10 µM 
Concentration of cantharidin 
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Figure 11. mpk3, mpk6 mutants are less sensitive to phosphatase inhibitor cantharidin. 

Representative pictures of 5 days old seedlings of Col-0, rcn1-6 (A) and mpk3-1, mpk6-2 (B) 

grown on media with the indicated concentration of cantharidin. Scale bars, 5 mm.  



56 
 

In line with previously published results, the cantharidin treatment of wild type 

plants leads to decreased root length (Deruere et al. 1999; Fig. 11A, 12A) and a smaller 

distance between root tip and first root hair (Fig. 13A). Moreover, the inhibitory effects 

of cantharidin on the root length and the distance between root tip and first root hair were 

more pronounced in the rcn1-6 mutant (Fig. 11A) and with the increasing concentrations 

of cantharidin, the changes were more progressive (Fig. 12B, 13B). This confirms 

the sensitivity of the rcn1-6 mutant towards cantharidin.   

The distance between the root tip and first root hair in wild type seedlings grown 

in either 3 or 5 µM cantharidin was comparable to the same parameter in the rcn1-6 

seedlings grown on control medium (in both cases, p=1.0000; Table S2), leading to the 

assumption that this concentration of cantharidin leads to the phenocopy of rcn1-6. 

Moreover, the root length of rcn1-6 grown on control medium was shorter than that 

of wild type seedlings grown on 5 µM cantharidin, yet longer than wild type seedlings 

grown on 10 µM cantharidin, suggesting that concentrations between 5 and 10 µM 

of cantharidin lead to phenocopy of rcn1-6 in root length.   
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Figure 12. The effects of cantharidin treatment on root length in rcn1, mpk3, mpk6 

mutants. Plants of the indicated genotypes were grown on media with different concentration 

of catharadin (CTR; 0/1/3/5/10 µM) up to 5 days after germination. (A) Root length 

measurements presented as mean±SD (N≥120, three technical repetitions; two-way ANOVA 

followed by Scheffé's test and Holm-Bonferroni correction; statistical comparison is shown 

within groups sharing the same genotype; letters in the graph are shared by groups without 

statistically significant differences at the 0.001 probability level; results are in Table S1). (B) 

Change in the root length relative to the root length in media without cantharidin.  
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 The growth of mpk3-1 and mpk6-2 mutants was visibly affected by the presence 

of cantharidin in media (Fig. 11B) with the most pronounced phenotype observed 

at the concentration of 10 µM. Nevertheless, the mpk3-1 and mpk6-2 mutants were less 

sensitive to cantharidin at lower concentrations. Decreased sensitivity of mpk3-1 and 

mpk6-2 mutants in lower concentrations of cantharidin is supported by the observation of 

smaller changes in both the root length (Fig. 12) and the distances between root tip and 

first root hair (Fig. 13). Although the root length was decreased in mpk3-1 and mpk6-2 

mutants in concentrations ranging from 1 to 5 µM, partial rescue in this trait was observed 

for mpk3-1 at 5 µM concentration of cantharidin (Fig. 12A). Regarding the distance 

between the root tip and first root hair, both mpk3-1 and mpk6-2 mutants appeared to be 

insensitive to the concentrations of cantharidin (ranging from 1 to 5 µM; Fig. 13A).   

Conclusively, the root growth of mpk3-1 and mpk6-2 mutants is less affected by 

lower doses of cantharidin compared to wild type seedlings. Cantharidin is a phosphatase 

inhibitor exhibiting higher sensitivity to PP2A than to other phosphatases in low 

concentrations. Therefore, the observed partial insensitivity of mpk3-1 and mpk6-2 

mutants to cantharidin suggests that PP2A and MPK3/6 might interact together 

in regulating cellular processes involved in root growth and development. 
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Figure 13. The effects of cantharidin treatment on the distance between the root tip and 

the first root hair in rcn1, mpk3, mpk6 mutants. Plants of the indicated genotypes were 

grown on media with different concentration of catharadin (CTR; 0/1/3/5/10 µM) up to 5 days 

after germination. (A) Measurements of distances between the root tip and the first root hair 

presented as mean±SD (N≥50, three technical repetitions; two-way ANOVA followed by 

Scheffé's test and Holm-Bonferroni correction; statistical comparison is shown within groups 

sharing the same genotype; letters in the graph are shared by groups without statistically 

significant differences at the 0.001 probability level; results are in Table S2. (B) Change 

in the distance between the root tip and the first root hair relative to the same parameter 

in media without cantharidin.  
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3.1.2. Genetic depletion of RCN1 partially rescues root tip phenotype in mpk6 

To better describe the role of MPK3, MPK6 and RCN1 in the cell division plane 

orientation and how it affects the root 

development, mpk3, mpk6, and rcn1-6 

mutants were crossed with line stably 

expressing GFP under a synthetic auxin 

responsive promoter (DR5::GFP; 

Ulmasov et al. 1997; Friml et al. 2003), 

which has been extensively used to mark 

auxin maxima during Arabidopsis 

development (Friml et al. 2003; Thomann 

et al. 2009; Poulios and Vlachonasios 

2018). Through the visualization by 

the DR5::GFP reporter, the auxin 

maxima can be observed in the primary 

root tip, specifically in the quiescent 

centre, columella initials and columella 

cells (Fig. 14A). The expression of 

DR5::GFP can be used to pinpoint 

the localization of the quiescent centre, 

which is especially important in mutants 

with distorted organization of root tips. 

Additionally, seedlings were stained with 

FM4-64, a lipophilic dye staining plasma 

membrane, to assess their root tip 

anatomy (Fig. 14B,C).  

In both mpk3-1 and mpk6-2, 

abnormal organization of root tip anatomy 

was observed (Fig. 14D-I). While the 

defects were milder in mpk3-1, with cell 

walls being tilted rather than completely 

shifted, mpk6-2 had a strong phenotype 

with severe disorganization of cell 
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Figure 14. Abnormal development of root 

tip in mpk3, mpk6, rcn1 mutants. Adapted 

from Samakovli et al. (unpublished). 

Primary root architecture and auxin maxima 

distribution in 5 days old seedlings 

of the wild type (A-C), mpk3-1 (D-F), mpk6-

2 (G-I), mpk6AEF (J-L), rcn1-6 (M-O), 

expressing DR5::GFP and stained with 

FM4-64. Images show either merged 

pictures from magenta and green channel 

depicting both DR5::GFP expression and 

FM4-64 staining (A,D,G,J,M) or only FM4-

64 staining (B,E,H,K,N). Boxed areas 

in (B,E,H,K,N) are enlarged in (C,F,I,L,O). 

White stars mark cells of the quiescent 

center, white arrowheads point to 

the abnormally positioned cell walls. Scale 

bars, 20 µm.   
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divisions (Fig. 14I). The cells in the root tip of the mpk6AEF mutant were less organized 

compared to the wild type, but the root anatomy was affected to a much smaller extent 

than in either mpk3-1 or mpk6-2 (Fig. 14J-L). Similarly, the rcn1-6 mutant was also 

compromised regarding the cell division plane orientation (Fig. 14M-O). These 

observations are in line with previously published results (Zapletalová and Šamajová, 

personal communication;  Blakeslee et al. 2008; Müller et al. 2010; Floková 2016). 

Since mpk6-2 mutant had more severe phenotype than mpk3-1, and it has been 

suggested by previous work (Müller et al. 2010) that MPK6 is important for proper 

organization of formative cell divisions in the root, a question arose whether RCN1 and 

MPK6 are in a common pathway when establishing the cell division plane orientation 

during primary root development. Therefore, the mpk6-2 rcn1-6 double mutant was 

created. Compared to the wild type (Fig. 15A) and the parent lines (Fig. 15B,C), mpk6-2 

rcn1-6 double mutant exhibited pleiotropic phenotype regarding the root tip anatomy, 

ranging from mild defects (Fig. 15D,E) to phenotype comparable with wild type 

(Fig. 15F,G). When compared with the original single mutants (Fig. 15B,C), it is 

apparent that despite the phenotype not being completely rescued, it is significantly 

improved. This finding supports the hypothesis that RCN1 and MPK6 belong to the same 

pathway regulating cell division plane orientation during the primary root development.   

Figure 15. RCN1 depletion partially rescues morphological defects in root tip of mpk6 

mutant. Primary root architecture in 5 days old seedlings stained with FM4-64. (A-C) Images 

of the root tip meristem area of the indicated genotypes presented previously in Fig. 14C,I,O. 

(D-G) Pictures show root tips of mpk6-2 rcn1-6 double mutants with either obvious 

morphological defects (D,E) or less pronounced phenotype (F,G). Boxed areas in (D) and (F) 

are enlarged in (E) and (G), respectively. White stars mark cells of the quiescent centre, white 

arrowheads point to the abnormally positioned cell walls. Scale bars, 20 µm.   

A Col-0 mpk6-2 rcn1-6 

D E F G mpk6-2 rcn1-6 mpk6-2 rcn1-6 
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3.1.3. RCN1, a scaffolding subunit of PP2A, interacts with MPK3 

Next, to investigate the possibility of RCN1 directly interacting with MPK3, MPK6 and 

YDA, an upstream regulator of both MPK3 and MPK6, yeast two-hybrid assays were 

performed. The aim was to test protein-protein interactions using RCN1 as a prey and 

MPK3, MPK6 and N-terminal domain of YDA as a prey (Fig. 16). The N-terminal 

domain of YDA was chosen for the experiments since expressing the entire YDA protein 

might negatively affect the viability of yeast. Moreover, the N-terminal domain has 

regulatory function and it contains multiple putative phosphorylation sites making it 

a target for reversible phosphorylation (Kim et al. 2012). The assay confirmed in vitro 

interaction between MPK3 and RCN1 and suggested a weak interaction between RCN1 

and N-terminal YDA domain (Fig. 16). Unfortunately, the MPK6 fused to the binding 

domain proved to be autoactivating the binding domain resulting in false positive results 

for negative controls (Fig. 16), thus, the question regarding the in vitro interaction 

between RCN1 and MPK6 remained unaddressed.   

Figure 16. RCN1 interacts in vitro with MPK3 and YDA. Yeast two-hybrid assays using 

MPK3, MPK6 and N-terminal domain of YDA (N-term. YDA) as bait (BD, binding domain) 

and RCN1 as prey (AD, activation domain). The SD
-Leu,Trp 

medium positively selects yeast 

cotransformants, while the SD
-Leu,Trp, His

, SD
-Leu,Trp, His 

supplemented with 3-aminotriazole 

(3AT), and SD
-Leu,Trp, His,Ade

 are selective towards interaction between bait and prey with 

increasing stringency. The AD-T + BD-p53 combination serves as a positive control. Photos 

were taken 8 days after inoculation. 

SD
-Leu,Trp 

SD
-Leu,Trp,His 

SD
-Leu,Trp,His 

+ 10 mM 3AT 

SD
-Leu,Trp,His,Ade 



61 
 

3.1.4. RCN1 affects phosphorylation levels of MPK3 and MPK6  

The partial insensitivity of mpk3 and mpk6 to cantharidin treatment and the in vitro 

interaction between MPK3 and RCN1 suggested that RCN1, a scaffolding subunit of 

PP2A, might direct dephosphorylation of MPK3 and/or MPK6 by the PP2A. To test 

the effects of genetic depletion of RCN1 on phosphorylation levels of MPK3 and MPK6, 

protein immunodetection was performed using anti-MPK3 and anti-MPK6 antibodies as 

well as anti-pTEpY antibody detecting phosphorylated MPK3 (pMPK3) and pMPK6 

(Fig. 17, S1). Since MPK3, MPK6 and RCN1 are differentially expressed throughout 

plant ontogenesis (Klepikova et al. 2016), proteins were extracted from different tissues, 

specifically young seedlings (14 DAG), rosettes (21 DAG), flowers and siliques. Proteins 

extracted from these tissues were used for semiquantitative analysis of relative protein 

and phosphorylation levels of MPK3 and MPK6 (Fig. 17).   

The genetic depletion of RCN1 affected protein levels of both MPK3 and MPK6 

only in specific tissues. The relative protein levels of MPK3 and MPK6 were increased 

in siliques of rcn1-6 mutants (1.8930±0.6499 and 1.9617±0.6278, respectively; 

Fig. 18A). On the other hand, relative protein levels of MPK3 and MPK6 were detected 

50 kDa 

50 kDa 

MPK3 

MPK6 

pMPK6 

β-TUB 

pMPK3 

Figure 17. RCN1 affects levels of phosphorylated MPK3 and MPK6. Protein and 

phosphorylated protein levels detected by immunolabelling in tissue extracted from Col-0 or 

rcn1-6 whole plants, roots or shoots (14 days after germination), rosettes (21 days after 

germination), flowers and siliques (6 days after pollination). On the right side of the images is 

shown the approximate position where proteins with the size of 50 kDa should be localized 

according to the protein standard. Original images of membranes are in Fig. S1.  

50 kDa 

50 kDa 
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in flowers of rcn1-6 mutants (0.7052±0.0157 and 0.7776±0.0162, respectively; 

Fig. 18A). These changes in protein abundance also affected the relative phosphorylated 

protein levels of MPK3/6 in these tissues. Specifically, the amount of pMPK3/6 was 

decreased in flowers of rcn1-6 mutants (0.6418±0.2609 and 0.3323±0.0856, respectively; 

Fig. 18B). The levels of pMPK3/6 in siliques of rcn1-6 mutants were markedly increased 

(9.0379±7.6748 and 5.3985±4.1451, respectively; Fig. 18B). Moreover, a higher 

abundance of pMPK3/6 was also noted in roots of rcn1-6 mutants (2.3164±1.2890 and 

3.2858±0.2992, respectively; Fig. 18B). Despite the semiquantitative nature 

of the protein immunolabelling, the significant increase in both pMPK3 and pMPK6 

in siliques of rcn1-6 points towards putative interaction of the YDA-MPK pathway and 

PP2A in the regulation of the development of generative tissues.  

 

3.1.5. PP2A and MPK3/6 modulate cell division plane orientation during 

embryogenesis 

The early embryogenic development in Arabidopsis follows a simple and highly regular 

pattern (Mansfield et al. 1991) making it an excellent model for describing defects 

in the cell division plane orientation. Moreover, the involvement of both PP2A and YDA-

Figure 18. Quantification of the effects of RCN1 genetic depletion on the levels of 

MPK3/6 and phosphorylated MPK3/6. Graphs presents protein levels of MPK3/6 relative 

to tubulin protein levels (A) and relative phosphorylated protein levels of pMPK3/6, which 

were calculated in relation to total protein levels of MPK3/6 (B). Protein levels were detected 

by immunolabelling in tissue extracted from Col-0 or rcn1-6 whole plants, roots or shoots 

(14 day after germination), rosettes (21 day after germination), flowers and siliques (6 days 

after pollination). Data are presented as mean±SD (N≥three biological and technical 

replicates). 
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MKK4/5-MPK3/6 cascade during embryonic development has been previously described 

(Torres-Ruiz and Jurgens 1994; Lukowitz et al. 2004; Spinner et al. 2013; Zhang et al. 

2017a). However, the defects in the cell division plane orientation have been extensively 

discussed only for rcn1 and ton2 mutants, but not for mpk3, mpk6 mutants. Therefore, the 

first aim was to compare the rcn1-6, ton2-5 and mpk3-1, mpk6-2 mutants regarding their 

phenotypes in the early embryogenesis. For this purpose, two sets of experiments were 

conducted; modified pseudo-Schiff propidium iodide staining (Truernit et al. 2008) 

for qualitative description (Fig. 19, 20) and Nomarski microscopy of cleared seeds 

for quantitative analysis of defects in the cell division plane orientation (Fig. 21, 22).  

Compared to the highly regular positioning of cell walls in the wild type 

(Fig. 19A,B, 21A), the embryos of both rcn1-6 and ton2-5 exhibited either tilted 

(Fig.19D,E, 21B) or wrongly oriented cell walls (Fig. 19C,F, 21C,D). As expected, 

the ton2-5 mutant had the most prominent phenotype with 92% of observed embryos 

(N=13; Fig. 22A) and 62% of suspensors (N=13; Fig. 22B) exhibiting wrongly oriented 

cell walls. Although these defects were less prominent in rcn1-6, nearly half of the 

observed embryos were noted to have either tilted or wrongly positioned cell walls. 

Again, this was observed in both embryo proper (46%, N=57; Fig. 22A) and suspensor 

(43%, N=56; Fig. 22B). Since the defects were in both mutants noted in embryo proper 

Figure 19. Cell division plane orientation defects in rcn1, ton2 in early embryogenesis. 

Embryos of the wild type (A,B), rcn1-6 (C,D), and ton2-5 (E,F) were stained with propidium 

iodide. Magenta arrowheads point to wrongly oriented cell walls, blue arrowheads mark tilted 

positions of cell walls indicating less severe problems with the cell division plane orientation. 

Scale bars, 20 µm.  

rcn1-6 ton2-5 rcn1-6 ton2-5 Col-0 Col-0 A B C D E F 
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and suspensor with similar occurrence, PP2A appears to be equally important for the cell 

division plane orientation in both suspensor and embryo proper.   

Similarly, the cell division plane orientation was distorted in both embryos and 

suspensors of mpk mutants (Fig. 20A-F). In both mpk3-1 and mpk6-2 mutants were 

observed tilted cell walls (Fig. 20B,C, 21E,F) and occasionally, wrongly oriented cell 

walls were noted (Fig. 20A, 21G). The mpk6AEF mutant appeared to be the least affected 

(Fig. 20E,F, 21H). This was also supported by the quantitative analysis of the observed 

defects in the cell division plane orientation. In more than 20% of the examined mpk6-2 

mutant embryos, the tilted or wrongly oriented cell walls were observed (N=83; Fig. 

22A,B), while there were fewer cases noted in the mpk3-1 (≥11%, N=38; Fig. 22A,B) 

and mpk6AEF mutant embryos (≥17%, N=56; Fig. 22A,B).  

Apart from the abnormal cell division plane orientation, alterations in the 

suspensor length were noted in the mutants. The observed changes in suspensor length 

were quantified (Fig. 22C). Only mpk3-1 had suspensor length comparable to wild type. 

Figure 20. Cell division plane orientation defects in mpk3, mpk6 mutants in early 

embryogenesis. Adapted from Samakovli et al. (unpublished). Embryos of mpk3-1 (A,B), 

mpk6-2 (C,D), and mpk6AEF (E,F) were stained with propidium iodide. Magenta arrowheads 

point to wrongly oriented cell walls, blue arrowheads mark tilted positions of cell walls 

indicating less severe problems with the cell division plane orientation. Scale bars, 20 µm.  

mpk6-2 mpk6AEF mpk3-1 mpk3-1 mpk6AEF mpk6-2 A B C D E F 
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The rcn1-6, mpk6-2 and mpk6AEF mutants had significantly shorter suspensor compared 

to wild type, with mpk6-2 having the most prominent phenotype.  

In summary, all the examined mutants, namely rcn1, ton2, mpk3, mpk6, exhibited 

aberrations in the cell division plane orientation during early embryogenesis in both 

the embryo proper and the suspensor. The proper orientation of the cell plane is 

quintessential for proper progression of the formative cell divisions, which are 

responsible for the diversification of the cell fates of daughter cells. On the other hand, 

the cell fate specification during early embryogenesis depends on cell fate determining 

factors, such as auxin distribution and differential expression of members of the WOX 

protein family. It is yet unclear, to which extent can incorrect cell division plane 

orientation impede the cell fate specification established by other factors or vice versa.  

 

 

Figure 21. Cell division plane orientation defects in rcn1, ton2, mpk3, mpk6 

in embryogenesis. Nomarski microscopy was used for imaging embryos of the wild type (A), 

rcn1-6 (B,C), ton2-5 (D), mpk3-1 (E), mpk6-2 (F,G), and mpk6AEF (H) at the octant or 

dermatogen stage. White arrowheads point to wrongly oriented cell walls, white arrows mark 

less severe defects in cell wall positioning. Scale bars, 20 µm.  
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3.1.6. Abnormal expression pattern of WOX8 in rcn1, mpk3, mpk6 mutants 

The transcriptional factor WOX8 serves as a major determinant of the cell fate during 

early embryogenesis (Haecker et al. 2004). The WOX8 promotes development of 

the basal cell into the suspensor and regulates the expression of other members of 

the WOX protein family (Breuninger et al. 2008). After the first division of the zygote, 

WOX8 is exclusively expressed in the basal cell and later on in the suspensor (Haecker 

et al. 2004). Therefore, if the expression domain of WOX8 is irregular, it informs on 

problems with the cell fate determination. Moreover, since transcription of WOX8 is 

known to depend on WRKY2, which requires phosphorylation by YDA-MPK3/6 

pathway for its activity (Ueda et al. 2011), it is expected that the regulation of WOX8 

expression is compromised in case of yda or mpk mutants.  

Figure 22. Quantification of cell division plane orientation defects in rcn1, ton2, mpk3, 

mpk6 embryos. Adapted from Samakovli et al. (unpublished). Quantification of observed 

phenotypes in images of embryos visualized by either propidium staining or Nomarski 

microscopy. (A, B) Quantification of abnormal cell division plane orientation in either embryo 

proper (A; N≥45 except for ton2-5, N=13) or suspensor (B; N≥38 except for ton2-5, N=13). 

(C) Quantification of the suspensor length measured at octant or dermatogen stages. (N≥50; 

Welch's ANOVA was followed with Tukey's test corrected for unequal N, statistically 

significant differences to Col-0 are shown, *** significant at p˂0.001, ns not statistically 

significant). Results from the statistical analysis are in Table S3. Description of box plot: 

the middle line in the box represents median, the x shows mean, the bottom line depicts 

the first quartile, while the top line describes the third quartile; the vertical lines (whiskers) 

extend to minimum and maximum value within the 1.5× interquartile range (distance between 

the first and the third quartile); points outside of the whiskers mark outliers (values outside 

of the 1.5× interquartile range).  
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 To examine whether the expression domain of WOX8 is affected in the genotypes 

of interest, crosses were generated between mutants and a line expressing 

the WOX8::NLS:YFP reporter. The expression of WOX8::NLS:YFP was restricted to 

the suspensor in the wild type (Fig. 23A,B, 24A), but this expression pattern was 

disrupted in mutants (Fig. 23C-L). In the rcn1-6 and ton2-5 mutants, 

the WOX8::NLS:YFP was ectopically expressed in the apical cell lineage (Fig. 23E, 

24B), while the signal was not detected in some of the suspensor cells (Fig. 23D,F, 

24B,C). Similarly, in the mpk mutants, the ectopic signal in the embryo proper was 

observed (Fig. 23G,K), while the signal was missing in the basal cell lineage (Fig. 

23J,L). The observations of the ectopic signal in the embryo proper were most frequently 

noted in ton2-5 (5 out of 15 cases) and mpk3-1 (16%, N=64), while no such case was 

noted in the mpk6-2 mutant embryos (Fig. 23M). On the other hand, the missing signal 

in the suspensor was regularly observed in mpk6-2 (55%, N=29; Fig. 23M). 

Figure 23. Aberrant WOX8 expression in rcn1, ton2, mpk3, mpk6 mutants. Adapted from 

Samakovli et al. (unpublished). (A-L) Distribution of WOX8::NLS:YFP signal was examined 

during early embryogenesis in wild type (A,B), rcn1-6 (C,D), ton2-5 (E,F), mpk3-1 (G,H), 

mpk6-2 (I,J), and mpk6AEF (K,L). White arrowheads point to ectopic signal in the embryo 

proper, white arrows mark the nuclei of suspensor cells without signal. Scale bars, 20 µm. (M) 

Quantitative analysis of observed defects in WOX8::NLS:YFP signal localization (N=number 

of observed embryos).  
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The mpk6-2 mutant appeared to be affected more prominently than the other two 

mutants, corroborating the findings of the cell division plane orientation defects and 

suspensor length phenotypes (Fig. 20-22). Since similar defects were also found in rcn1-

6 and ton2-5 mutants, it appears that genetic depletion in PP2A subunits leads to alteration 

of the expression pattern of WOX8.  

 

3.1.7. Auxin distribution is compromised in rcn1, mpk3, mpk6 mutants  

Together with the YDA-MPK cascade and the members of the WOX protein family, 

auxin belongs to three major factors in establishing apical-basal polarity in early 

embryogenesis (Friml et al. 2003). Moreover, auxin signalling is coordinated by 

the YDA-MPK-WOX8 regulatory module (Zhang et al. 2017b). For this reason, 

the distribution of auxin maxima during embryonic development was surveyed by 

documenting the expression of GFP, driven by the synthetic auxin-responsive promoter 

DR5 (Ulmasov et al. 1997; Friml et al. 2003) and by deciphering how such expression 

patterns are modulated in rcn1, ton2, mpk3, mpk6 mutants expressing DR5::GFP. 

 At the earliest stages of the embryonic development, auxin is imported to 

the embryo proper from maternal tissues via the suspensor. However, this changes 

at the globular stage, when the apical-basal auxin transport is established in the embryo 

proper. Consequently, auxin maxima are observed at the basal pole of the embryo proper 

and at the uppermost cell of the suspensor, the hypophysis, which can be observed 

in embryos of the DR5::GFP line (Fig. 25A,B; Friml et al. 2003). Furthermore, 

with the continuous auxin synthesis in the apical poles of the embryo proper, auxin 

maxima can be observed in the apical poles from late heart stages (Fig. 25B).  
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Figure 24. TON2 affects WOX8 expression pattern in developing embryos. Localization 

of WOX8::NLS:YFP signal during early embryogenesis in wild-type (A; Fig. 23A) and ton2-

5 (B-C; Fig. 23E,F). Images show WOX8::NLS:YFP (YFP) and merged picture of 

WOX8::NLS:YFP and DIC image (YFP+DIC; differential interference contrast microscopy). 

White arrowheads point to ectopic signal in embryo proper, white arrows mark nuclei of 

suspensor cells without signal. Scale bars, 20 µm.  
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 The distribution of auxin maxima was first documented in mpk3, mpk6 mutants 

(Fig. 25C-H). In the mpk3-1 mutant, the basal auxin maximum seems to be unaffected 

compared to the wild type (Fig. 25C,D, Fig. 26A), but in the apical pole the signal appears 

earlier (Fig. 25C, 26B). In mpk6-2 embryos, the basal auxin maxima were at large 

comparable to those of the wild type, but a significant number of mpk6-2 embryos 

exhibited lower signal intensity (14%, N=57; Fig. 25F, 26A). The early occurrence of 

auxin maxima at the apical pole reported for mpk3-1 was also observed in mpk6-2 mutant 

(52%, N=29; Fig. 25E, 26B). Lastly, the mpk6AEF embryos had their auxin maxima 

distribution resembling that of wild type (Fig. 25G,H, 26A,B).    

 Subsequently, the expression of the DR5::GFP reporter was observed in the rcn1-

6 mutant background. In this case, both phenotypes described for mpk3, mpk6 mutants 

were noted (Fig. 27A,B). Interestingly, both mpk-2 and rcn1-6 mutants had a similar 

frequency of occurrence for the early signal in apical pole (53%, N=40; Fig. 26B), 

however, rcn1-6 mutants were more frequently exhibiting weaker signal in the basal pole 

of the embryo proper as opposed to mpk6-2 mutants (38%, N=66; Fig. 26A). In ton2-5   

Figure 25. Abnormal auxin maxima distribution during embryonic development in 

mpk3, mpk6 mutants. Adapted from Samakovli et al. (unpublished). Auxin maxima were 

visualized during embryonic development in the line stably expressing DR5::GFP (A, B) or 

mutants crossed with this line, specifically mpk3-1 (C, D), mpk6-2 (E, F), and mpk6AEF (G, 

H). Embryonic stages early heart and late heart are shown in the pictures. White arrowheads 

mark GFP signal in the apical part of the embryo; white arrow points to weak signal in the 

basal pole. Scale bars, 20 µm.  
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embryos, the signal in the apical pole was frequently observed in the early heart stages 

(7 out of 7 cases; Fig. 27C). Moreover, the dwarfed later stages often had more than two 

proto cotyledons (10 out of 13 cases; Fig. 27D). Surprisingly, no alterations of DR5::GFP 

expressions were noted in the basal pole of ton2-5 embryos. This is in contrast with the 

high occurrence of abnormal WOX8::NLS:YFP expression in ton2-5 embryos. 

Conclusively, in rcn1, mpk3 and mpk6 mutants, abnormalities of the cell division plane 

orientation occurred concurrently to the misexpression of WOX8 and spatiotemporal 

alterations of the auxin maxima distribution.     

rcn1-6 DR5::GFP A rcn1-6 DR5::GFP B ton2-5 DR5::GFP C ton2-5 DR5::GFP D 

Figure 27. Abnormal auxin maxima distribution during embryonic development in rcn1, 

ton2 mutants. Auxin maxima were visualized during embryonic development in rcn1-6 (A, 

B), and ton2-5 (C, D) mutants stably expressing DR5::GFP. Embryonic stages early heart and 

late heart are shown in the pictures. White arrowheads mark GFP signal in the apical part of 

the embryo; white arrow points to weak signal in the basal pole. Scale bars, 20 µm.  

Figure 26. Quantification of abnormal auxin maxima distribution during embryonic 

development in rcn1, ton2, mpk3 and mpk6 mutants. Adapted from Samakovli et al. 

(unpublished). Auxin maxima were visualized in embryos of the indicated genotypes, which 

were expressing DR5::GFP. (A, B) Quantification of observed abnormalities in auxin maxima 

localization and/or distribution: (A) weak signal in the basal part of embryos in heart stages; 

(B) ectopic signal in the apical part of embryos in early heart stages (N=number of 

observations).  
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3.2. HSP90s are affecting asymmetric cell divisions via modulating 

YDA-MPK pathway 

3.2.1. Genetic depletion of HSP90s rescues cell division plane orientation 

defects in yda mutants during embryogenesis 

Previous experiments have shown that cytoplasmic HSP90.1 and HSP90.2 isoforms 

modulate stomatal differentiation pathway via their direct interaction with YDA 

(Samakovli et al. 2020). Since YDA is a regulator of the cell division plane orientation 

in other developmental processes and specifically in early embryogenesis (Lukowitz et al. 

2004) and in primary root tissue patterning (Smékalová et al. 2014), it is likely that its 

function in these processes might be also affected by interactions with HSP90s. To 

explore this possibility, the embryonic development in hsp90, yda single mutants and 

hsp90 yda double mutant was assessed by employing modified pseudo-Schiff propidium 

iodide staining and Nomarski microscopy.  

For the experiments, three hsp90 mutants were chosen. Two of them are loss-of-

function mutants, while the third is an RNA interference (RNAi) line (hsp90RNAi) where 

expression of cytoplasmic HSP90 isoforms is decreased (Samakovli et al. 2020).  

The highly ordered cell division plane orientation, which is characteristic for early 

embryonic development in Arabidopsis (Fig. 28A,B), was compromised in the examined 

hsp90 mutants (Fig. 28C-H), especially in hsp90.1 (Fig. 28C) and hsp90RNAi (Fig. 28H). 

Figure 28. Genetic depletion of HSP90s leads to minor defects in the cell division plane 

orientation during early embryogenesis. Adapted from Samakovli et al. (unpublished). 

Early embryonic development of the wild type (A,B; Fig. 19A,B), hsp90.1 (C,D), hsp90.2 

(E,F), hsp90RNAi (G,H) was visualized by propidium iodide staining. Magenta arrowheads 

point to wrongly oriented cell walls, blue arrowheads mark tilted positions of cell walls 

indicating less severe problems with the cell division plane orientation. Scale bars, 20 µm.  
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On the other hand, the cell division plane orientation was relatively well-ordered in 

hsp90.2 mutant (Fig. 28E,F) suggesting a differential role of HSP90 isoforms in plant 

development.  

For both loss-of-function yda and gain-of-function ΔNyda mutants, severe 

embryonic phenotypes were described, among them altered cell division plane orientation 

and dramatic changes in the length of the suspensor (Lukowitz et al. 2004). As expected, 

both mutants exhibited disturbed cell division patterning originating from wrongly 

positioned cell walls, frequently shifted 90° against the typical cell division plane 

orientation at that stage (Fig. 29A,B, 30A,B).   

In hsp90 yda double mutants, the genetic depletion of HSP90 resulted in partial 

rescue of the severe yda phenotype (Fig. 29). While the overall phenotype of double 

mutants was abnormal (Fig. 29C-H), fewer defects in the cell division patterning were 

noted. Similarly, the hsp90 ΔNyda double mutants were less affected in this phenotypic 

trait (Fig. 30) with their overall phenotype being closer to the wild type than to the ΔNyda 

phenotype (Fig. 30C-H).  

Despite the absence of severe deviations in the cell division plane orientation 

patterning in hsp90 mutants, milder defects were still observed in double mutants. To 

quantify these defects in both the embryo proper (Fig. 31A) and the suspensor (Fig. 31B), 

Nomarski microscopy was used. As expected, the cell division plane orientation was 

strongly affected in both yda and ΔNyda. While in yda, both suspensor and embryo proper 

Figure 29. Genetic depletion of HSP90s restores defects in the cell division plane 

orientation in early embryogenesis of yda loss-of-function mutant. Adapted from 

Samakovli et al. (unpublished). Early embryonic development of yda (A,B), hsp90.1 yda 

(C,D), hsp90.2 yda (E,F), hsp90RNAi yda (G,H) was visualized by propidium iodide staining. 

Magenta arrowheads point to wrongly oriented cell walls. Scale bars, 20 µm.  
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were similarly affected  (≥80%, N=20; Fig. 31), the cell division plane orientation in 

suspensor of ΔNyda was more frequently altered that in embryo proper (64% compared 

to 33%, N=45;  Fig. 31). In hsp90 mutants, both the embryo proper and the suspensor 

appeared to be affected with similar frequencies. Out of the three examined hsp90 

mutants, hsp90.1 had the highest number of cases with abnormal cell division plane 

orientation (≥38%, N=70; Fig. 31). The yda and ΔNyda phenotypes were alleviated in 

hsp90.1 yda, hsp90.1 ΔNyda, hsp90.2 yda, hsp90RNAi yda and partially in hsp90.2 ΔNyda 

double mutants (Fig. 31). Moreover, the hsp90.1 yda, hsp90.1 ΔNyda had also improved 

phenotype compared to hsp90.1. Conversely, the hsp90RNAi ΔNyda double mutant 

exhibited stronger phenotype than its parent lines.   

In summary, hsp90 mutants have milder embryonic phenotype compared to yda 

mutants. Nevertheless, the cell division patterning is altered in hsp90 mutants, most 

notably in hsp90.1 and hsp90RNAi. The irregular cell division plane orientation phenotype 

is rescued in hsp90.1 yda, hsp90.1 ΔNyda double mutants and alleviated in hsp90.2 yda, 

hsp90RNAi yda, and hsp90.2 ΔNyda. Conclusively, HSP90s affect early embryogenesis 

with different involvement of the HSP90.1 and HSP90.2 isoforms. The genetic depletion 

of HSP90.1 alleviates yda, ΔNyda embryonic phenotype suggesting that HSP90.1 

modulates embryonic development downstream of YDA.  

 

Figure 30. Genetic depletion of HSP90s restores defects in the cell division plane 

orientation in early embryogenesis of yda gain-of-function mutant. Adapted from 

Samakovli et al. (unpublished). Early embryonic development of ΔNyda (A,B), hsp90.1 

ΔNyda (C,D), hsp90.2 ΔNyda (E,F), hsp90RNAi ΔNyda (G,H) was visualized by propidium 

iodide staining. Magenta arrowheads point to wrongly oriented cell walls. Scale bars, 20 µm.  
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3.2.2. HSP90s affect the expression of WOX8 

YDA-MPK pathway is known to regulate the transcription of WOX8 (Ueda et al. 2011), 

a gene encoding a transcription factor specifying the cell fate of the basal cell (Breuninger 

et al. 2008) with its expression being restricted to the basal cell lineage (Haecker et al. 

2004; Fig. 23A,B, 32A). As shown above, the expression of WOX8::NLS:YFP is 

compromised in mpk3, mpk6 mutants as documented by either ectopic expression 

of the WOX8::NLS:YFP reporter in the embryo proper, or missing signal in some 

of the suspensor cells (Fig. 23). To investigate whether HSP90s affect WOX8 expression 

pattern, the expression of WOX8::NLS:YFP was examined in hsp90 and yda mutant 

background.  

In agreement with previous results (Fig. 23), the expression pattern of WOX8 was 

distorted in yda mutants, and both ectopic signal in embryo proper (Fig. 32C,D) and 

missing signal in suspensor cells were observed (Fig. 32B,E). Over 45% of examined 

embryos of yda and ΔNyda exhibited one of these phenotypes, with yda having a higher 

frequency of the ectopic signal in the embryo proper (25%, N=24; Fig. 33), while ΔNyda 

Figure 31. Quantification of observed defects in the cell plane orientation in hsp90, yda 

single and double mutants. Adapted from Samakovli et al. (unpublished). (A, B) Abnormal 

cell division plane orientation was examined in embryos of the indicated genotypes. 

For the analysis, images from Nomarski microscopy and propidium iodide staining were used. 

Abnormal cell division plane (CDP) orientation in the embryo proper was analysed separately 

for the embryo proper (A) and the suspensor (B). In both cases, the N≥34, with the exception of 

yda (N=20).  
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embryos had higher occurrence of the missing signal in the suspensor 

(36%, N=34; Fig. 33). In hsp90.1, hsp90.2 mutants, both the ectopic expression in the 

apical cell lineage (Fig. 34A-C) and the missing signal in some suspensor cells (Fig. 

34B,D) were noted. These alterations in the expression of the WOX8::NLS:YFP reporter 

were less frequently observed compared to yda mutants. While 45% of yda and 50% of 

ΔNyda embryos exhibited one of these traits (Fig. 33), the occurrence in hsp90 mutants 

was 35% in hsp90.1 and 30% in hsp90.2 embryos (N=128 and 75, respectively; Fig. 33). 

In both hsp90 mutants, the missing signal 

in suspensor was more prevalent than the 

observation of the ectopic signal 

in the apical part of the embryo.  

The expression of WOX8 is not 

only compromised in yda mutants, as 

would be expected based on previous 

studies but also in hsp90.1, hsp90.2 

mutants. Moreover, the hsp90.1, hsp90.2 

mutant embryos appeared to be similarly 

affected regarding the expression of the 

WOX8::NLS:YFP reporter. 
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Figure 32. YDA affects the specification of the basal cell fate in developing embryos. 

Localization of the WOX8::NLS:YFP signal during early embryogenesis in wild-type 

(A; Fig. 23A), yda (B,C), and ΔNyda (D,E). Images show WOX8::NLS:YFP (YFP) and 

merged picture of WOX8::NLS:YFP and DIC image (YFP+DIC; differential interference 

contrast microscopy). White arrowheads point to the ectopic signal in the embryo proper, 

white arrows mark the nuclei of suspensor cells without signal. Scale bars, 20 µm.  
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defects in WOX8 expression. Adapted from 

Samakovli et al. (unpublished). 
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3.2.3. Auxin distribution is altered in hsp90, yda mutants  

The uneven distribution of auxin provides cells with positional cue regarding the apical-

basal polarity axis during early embryogenesis. Auxin signalling is influenced by WOX8, 

which expression is, in turn, regulated by the YDA-MPK cascade (Breuninger et al. 2008; 

Ueda et al. 2017; Zhang et al. 2017b). Moreover, as shown above (Fig. 25), auxin 

distribution is affected in mpk3, mpk6 mutants during early embryogenesis. Thus, to 

investigate putative disturbances in auxin distribution, auxin maxima were investigated 

in hsp90 and yda mutants. For this purpose hsp90 and yda mutants were crossed with the 

line expressing the DR5::GFP reporter (Ulmasov et al. 1997; Friml et al. 2003).   

 The analysis of auxin maxima localization in hsp90 mutants showed that 

generally, the same pattern of signal localization as in wild type embryos was observed 

(Fig. 35A-H). This means that at the late heart and torpedo stages, the auxin maxima were 

detected at the apical poles, where auxin biosynthesis takes place, and at the basal pole of 

the embryo proper and the hypophysis, where auxin accumulates from the globular stage 

onward due to the polarized localization of auxin transporters (Friml et al. 2003). 
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Figure 34. HSP90s affect the specification of the basal cell fate in developing embryos. 

Localization of the WOX8::NLS:YFP signal during early embryogenesis in hsp90.1 (A,B), and 

hsp90.2 (C,D). Images show WOX8::NLS:YFP (YFP) and merged picture of 

WOX8::NLS:YFP and DIC image (YFP+DIC). White arrowheads point to ectopic signal in 

the embryo proper, white arrows mark the nuclei of suspensor cells without signal. Scale bars, 

20 µm.  
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However, it was noted that in some cases, either the signal in the basal pole of the embryo 

proper was weaker than in wild type embryos (Fig. 35D,F), or the signal was detected in 

apical poles earlier than in the wild type, specifically in the early heart stages (Fig. 

35C,E). The early signal in the apical pole and the weak signal in the basal pole were 

both most frequently observed in hsp90.1 mutant embryos compared to hsp90.2 and 

hsp90RNAi mutants (Fig. 36A,B).  

 In yda mutants, the auxin maxima in the apical poles were mostly showing the 

same pattern of DR5::GFP expression as the wild type (Fig. 37A-F). Together with the 

hsp90RNAi, the yda and ΔNyda mutants had the lowest occurrence of the early signal in the 

apical pole (approximately 1 out of 15 cases; Fig. 36A). On the other hand, the yda 

mutants often exhibited peculiar distribution of the auxin maxima in the basal pole 

(Fig. 37A,B,E,F). In yda mutants, a specific phenotype was observed, where the signal 

was less restricted within the basal pole of the embryo proper, and a diffuse signal was 
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Figure 35. Abnormal distribution of auxin maxima during embryogenesis in hsp90 

mutants. Adapted from Samakovli et al. (unpublished). Auxin maxima in embryos were 

visualized in the line stably expressing DR5::GFP (A,B; Fig. 25A,B) or mutants crossed with 

this line, specifically hsp90.1 (C,D), hsp90.2 (E,F), and hsp90
RNAi

 (G,H). Images show 

DR5::GFP signal distribution in early heart and late heart stages. White arrowheads mark 

GFP signal in the apical part of the embryo; white arrow points to weak signal in the basal 

pole. Scale bars, 20 µm.  
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observed within the lower tier of the embryo proper (Fig. 37A,B). Moreover, in some 

cases the auxin maxima in the basal pole were weaker compared to the wild type, 

similarly to the weak signal of the DR5::GFP reporter observed in mpk, hsp90 mutants 

(Fig. 25, 35). The ΔNyda also exhibited a peculiar phenotype, which was the strongest of 

all phenotypes observed in the examined mutants. In ΔNyda, the signal was frequently 

weak in the basal pole of the embryo proper (63%, N=32; Fig. 36B), while remaining 

strong in the suspensor. Moreover, the signal was less restricted to the areas where auxin 

maxima would be expected and it appeared to be diffuse, making it difficult to delineate 

the areas where it was expressed (Fig. 37E,F).   

The expression of DR5::GFP was examined in hsp90.1 yda double mutant 

(Fig. 37C,D). The weaker signal in the basal pole of embryo proper was observed less 

frequently (7%, N=60; Fig. 36B) than in both hsp90.1 (28%) and yda (13%) single 

mutants suggesting that hsp90.1 yda double mutant is partially rescued regarding 

the auxin distribution in the basal pole. Conversely, the signal in apical poles of early 

heart stages was observed in more cases in hsp90.1 yda double mutant 

(31%, N=16; Fig. 36A) than in yda mutants (7%), however, it was less frequent than 

in hsp90.1 mutant (35%).  

While hsp90 mutant embryos exhibit defects in auxin maxima localization in both 

the apical and the basal pole of embryo proper, only the weaker signal in the basal pole 
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Figure 36. Quantification of the observed defects in auxin maxima localization during 

embryogenesis in hsp90 and yda mutants. Adapted from Samakovli et al. (unpublished). 

Auxin maxima were visualized in embryos of the indicated genotypes and expressing 

DR5::GFP. (A, B) Quantification of observed abnormalities in auxin maxima localization 

and/or distribution: (A) ectopic signal in the apical part of embryos in the early heart stages 

(N≥15); (B) weak signal in the basal part of embryos in the heart stages (N≥32).  
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of the embryo proper is notable in ΔNyda mutants. Surprisingly, the yda mutant, with 

otherwise strong developmental phenotypes, is not markedly affected regarding the auxin 

maxima localization during early embryogenesis. Moreover, the hsp90.1 yda double 

mutant shows partial rescue in the phenotype of the weaker signal in the basal pole of 

the embryo proper, but it is similar to hsp90.1 single mutant in the early detection of auxin 

maxima in the apical poles of the embryo. Therefore, it appears that the HSP90s affect 

the auxin maxima both in the apical and the basal pole of the embryo, while the function 

of YDA regarding the auxin distribution is restricted to the basal pole of the embryo. 

 

Figure 37. Abnormal distribution of auxin maxima during embryogenesis in yda mutants 

and hsp90.1 yda double mutant. Adapted from Samakovli et al. (unpublished). Auxin 

maxima in embryos were visualized in yda (A,B), hsp90.1 yda (C,D), ΔNyda (E,F) stably 

expressing DR5::GFP. Images show DR5::GFP signal distribution in early heart and late 

heart or torpedo stages. White arrowheads mark GFP signal in the apical part of the embryo; 

white arrow points to weak signal in the basal pole. Scale bars, 20 µm.  
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3.2.4. Genetic depletion of HSP90.1 alleviates cell division plane orientation 

defects in primary root tip of yda mutants  

While the role of HSP90s in plant development is not yet completely elucidated, 

the YDA-MPK pathway is known to affect both embryonic and postembryonic 

development (Bergmann et al. 2004; Lukowitz et al. 2004; Smékalová et al. 2014). 

Among these developmental events belong the establishment of root tip architecture, 

which begins during the embryogenesis at the globular stage and it is determined by 

properly oriented cell divisions. To examine whether HSP90s also affect primary root 

development, the roots of hsp90 and yda seedlings stably expressing DR5::GFP 

(Ulmasov et al. 1997; Friml et al. 2003) had their plasma membranes stained with FM4-

64 and then their root tip architecture was observed (Fig. 38A-E). Moreover, the 

DR5::GFP reporter was used to locate the quiescent centre, which was of special 

importance in mutants with highly distorted root tip anatomy. Moreover, root anatomy 

was also examined in hsp90.1 yda, hsp90.1 ΔNyda double mutants (Fig. 39).   

In the primary root tip, the auxin maxima are localized in the quiescent centre, 

columella initials and columella root cap cells, which is a pattern observed in wild type 

seedlings as well as in hsp90.1, hsp90.2 mutants (Fig. 38A-C). Moreover, their root tip 

anatomy of hsp90.1, hsp90.2 mutants appeared normal and without any defects in the cell 

division plane orientation (Fig. 39A-D). Conversely, both root tip anatomy and auxin 

maxima distribution were altered in yda and, ΔNyda mutants, with severe defects in cell 

organization stemming from abnormal cell division plane orientation (Fig. 39E,F,I,J). 

Moreover, ectopic expression of DR5::GFP in lateral root cap cells was observed in yda, 

hsp90.2 yda ΔNyda Col-0 hsp90.1 A B C E D 

Figure 38. Analysis of DR5:GFP expression in the postembryonic development in hsp90 

and yda mutants. Adapted from Samakovli et al. (unpublished). To observe the auxin maxima 

distribution in the primary root, FM4-64 staining was performed on seedlings 5 days after 

germination, which were expressing DR5::GFP (A; Fig. 14A) and they had the mutant 

background of hsp90.1 (B), hsp90.2 (C), yda (D), and ΔNyda (E). White arrowheads point to 

ectopic signal distribution. Scale bars, 20 µm.   
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ΔNyda mutants (Fig. 38D,E). The pattern organization was most heavily distorted in the 

quiescent centre and columella initials (Fig. 39F,J).  

The root tip anatomy was also examined in hsp90.1 yda, hsp90.1 ΔNyda double 

mutants (Fig. 39G,H,K,L). While some abnormal positioning of the cell division plane 

was noted, no severe malformations in the root tip anatomy were found (N≥10). 

Therefore, genetic depletion of HSP90.1 partially rescues yda, ΔNyda defects in the cell 

division plane orientation in postembryonic root development.   

  

  

Figure 39. HSP90 depletion rescues morphological defects in root tip of yda mutants. 

5 days after germination old seedlings were stained with FM4-64 to observe the primary root 

architecture in Col-0 (A,B; Fig. 14A), hsp90.1 (C,D; Fig. 38B), yda (E,F; Fig. 38D), hsp90.1 

yda (G,H), ΔNyda (I,J; Fig. 38E) and hsp90.1 ΔNyda (K,L). White stars mark the quiescent 

centre, white arrowheads point to the abnormally positioned plasma membranes. Scale bars, 

20 µm.   
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3.3. Visualization of MAP65s with advanced microscopy 

techniques 

The MAP65 proteins localize within microtubule arrays, where they promote their 

bundling (Van Damme et al. 2004) and protect them from depolymerization (Burkart and 

Dixit 2019). Hypothesis on the molecular mechanisms of MAP65 activity are often 

endorsed by results of in vitro experiments, thus, they should be tested in planta. 

To achieve this, microscopy methods ought to be improved and optimized to enable 

resolving the colocalization of MAP65s with microtubules and tracking their dynamic 

behaviour. This chapter aims to report on such advancements in microscopy techniques. 

 

3.3.1. Resolution of MAP65-2 decorating cortical microtubules 

 To describe the organization and dynamics of MAP65 decorating cortical microtubules, 

two super-resolution approaches were chosen, specifically ACLSM and SIM. To compare 

these two platforms in terms of their resolution potential, the FWHM was used as 

a quantitative measure (Fig. 40-42). The imaging was performed on hypocotyl epidermal 

Figure 40. Resolution reached by either ACLSM or SIM in depicting cortical 

microtubules. Adapted from Vavrdová et al. (2020). Cortical microtubules in hypocotyl 

epidermal cells were visualized with TUA6-GFP marker. (A) Image from the ACLSM 

(objective 63×/1.40 NA); (B) image from the SIM (objective 63×/1.40 NA); (C, D) show area 

boxed in (A) and (B), respectively; (E, F) present normalized intensity measurement for 

the profile measurements marked by white line in (C) and (D), respectively; (G, H) provide 

a quantitative analysis showing averaged, coaligned, and normalized intensity profiles of 

TUA6-GFP-labeled microtubules from the ACLSM (G; N=43) and the SIM (H; N=44). Scale 

bars, 10 µm (A, B), or 5 µm (C, D), respectively. Abbreviations: ACLSM, Airyscan confocal 

laser scanning microscopy; FWHM, full-width at half maximum; SIM, structured illumination 

microscopy. 
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cells, which are generally the tissue of interest when examining interphase microtubule 

array (Kawamura et al. 2006; Pastuglia et al. 2006). For measuring the FWHM were used 

images of cortical microtubules in hypocotyl epidermal cells expressing TUA6-GFP 

(CaMV35S::GFP:TUA6; Fig. 40A,B) and pictures of MAP65-2 decorating cortical 

microtubules in the same type of cells expressing either eGFP-MAP65-2 (MAP65-

2::eGFP:MAP65-2; Fig. 41A,B) or tagRFP-MAP65-2 (MAP65-2::tagRFP:MAP65-2; 

Fig. 42A,B). Within these images, fluorescence intensity profiles were drawn 

perpendicular to the thinnest observed microtubules and MAP65-2 decorating 

microtubules (Fig. 40C,D, 41C,D, 42C,D). The intensity profiles were normalized and 

used for generating graphs, where the normalized signal intensity was plotted against 

distance (Fig. 40E,F, 41E,F, 42E,F). These graphs were used for measuring the FWHM. 

With this approach, the resolution was determined for the abovementioned chimeric 

fluorescent proteins visualized by either ACLSM or SIM. In both platforms, the 63×/1.40 

NA oil immersion objective was used.  

GFP-TUA6-labeled microtubules were resolved at 186±27 nm 

(mean±SD; N=43, Fig. 40G) by the ACLSM, while with the SIM, the resolution of 
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Figure 41. Resolving details of eGFP-MAP65-2 decoration of cortical microtubules by 

either ACLSM or SIM. Adapted from Vavrdová et al. (2020). MAP65-2 decoration of 

cortical microtubules in hypocotyl epidermal cells was visualized with eGFP-MAP65-2. (A) 

Image from the ACLSM (objective 63×/1.40 NA); (B) Image from the SIM (objective 

63×/1.40 NA); (C-D) show area boxed in (A) and (B), respectively; (E-F) present normalized 

intensity measurements for the profile measurements marked by white line in (C) and (D), 

respectively; (G-H) provide a quantitative analysis showing averaged, coaligned, and 

normalized intensity profiles of individual eGFP-MAP65-2-labeled microtubule bundles from 

the ACLSM (G; N=36) and the SIM (H; N=36). Scale bars, 10 µm (A, B), or 5 µm (C, D), 

respectively. Abbreviations: ACLSM, Airyscan confocal laser scanning microscopy; FWHM, 

full-width at half maximum; SIM, structured illumination microscopy, 
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labelled microtubules was measured at 144±25 nm (mean±SD; N=44, Fig. 40H), which 

is a statistically significant improvement (Fig. 43A). Regarding the MAP65-2 tagged with 

fluorescent proteins, the ACLSM resolved the eGFP-MAP65-2 at 177±19 nm 

(mean±SD; N=36, Fig. 41G) and tagRFP-MAP65-2 at 176±18 nm 

(mean±SD; N=47, Fig. 42G), thus, reaching similar resolution details for both 

fluorescent proteins. This was also the case for measurements from the SIM platform, 

specifically 133±20 nm (mean±SD; N=39, Fig. 41H) for eGFP-MAP65-2 and 

129±14 nm (mean±SD; N=43, Fig. 42H) for tagRFP-MAP65-2. In summary, when 

comparing red and green labelled MAP65-2, no difference was found regardless of 

the used platform (Fig. 43A).  

  Taken together, the SIM platform was found out to provide significantly better 

resolution than ACLSM while visualizing TUA6-GFP, eGFP-MAP65-2 (Fig. 43A) or 

tagRFP-MAP65-2 (Fig. 43B).   
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Figure 42. Resolving details of tagRFP-MAP65-2 decoration of cortical microtubules by 

either ACLSM or SIM. Adapted from Vavrdová et al. (2020). MAP65-2 decoration of 

cortical microtubules in hypocotyl epidermal cells was visualized with tagRFP-MAP65-2. (A) 

Image from the ACLSM (objective 63×/1.40 NA); (B) Image from the SIM (objective 

63×/1.40 NA); (C-D) show area boxed in (A) and (B), respectively; (E-F) present normalized 

intensity measurements for the profile measurements marked by white line in (C) and (D), 

respectively; (G-H) provide a quantitative analysis showing averaged, coaligned, and 

normalized intensity profiles of individual tagRFP-MAP65-2-labeled microtubule bundles 

from the ACLSM (G; N=36) and the SIM (H; N=36). Scale bars, 10 µm (A, B), or 5 µm (C, 

D), respectively. Abbreviations: ACLSM, Airyscan confocal laser scanning microscopy; 

FWHM, full-width at half maximum; SIM, structured illumination microscopy. 
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3.3.2. MAP65-2 decorates cortical microtubules 

The next objective was to covisualize MAP65-2 and cortical microtubules to characterize 

their relations, especially in composite cortical microtubule bundles. Despite the SIM 

platform outperforming ACLSM regarding the resolution capacity, the ACLSM is 

advantageous for sequential imaging of two different fluorophores. Firstly, the sequential 

imaging was considerably faster on the ACLSM platform compared with the SIM 

platform (regarding the configuration which was at disposal). Secondly, the photon 

collection is better in the ACLSM even at sub-optimal levels of signal-to-noise ratios 

(Huff 2016). Moreover, in the pilot experiments, bleaching was particularly affecting the 

imaging of tagRFP-MAP65-2 by the SIM. Therefore, by choosing the ACLSM over the 

SIM, the bleaching issues linked with the application of the SIM were avoided.  

 Since the aim was to describe the MAP65-2 decoration of cortical microtubules, 

the MAP65-2 localization was examined by using two approaches described previously 

for characterizing cortical microtubules (Komis et al. 2014), for it was of interest to 

Figure 43. Comparison of ACLSM and SIM in resolving details of cortical microtubules 

or MAP65-2 decoration of cortical microtubules. Adapted from Vavrdová et al. (2020). 

(A,B) Boxplots show full-width at half maximum (FWHM) values measured on data obtained 

from either Airyscan confocal laser scanning microscopy (ACLSM) or structured illumination 

microscopy (SIM) platform. They present comparison of resolution reached for TUA6-GFP 

and eGFP-MAP65-2 (A) or eGFP-MAP65-2 and tagRFP-MAP65-2 (B). For statistical 

analysis, Kruskal-Wallis test was used (letters in the graph are shared by groups without 

statistically significant differences at the 0.001 probability level) and results are in Table S4. 

Description of box plot: average is represented by ×, median by the middle line, first quartile 

by the bottom line, third quartile by the top line; the whiskers lie within the 1.5× interquartile 

range (defined from the first to the third quartile), outliers are marked by points.  
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examine whether MAP65-2 colocalizing with microtubules follow the same trends. 

Namely, the cortical microtubules are known to create bundles consisting of various 

numbers of individual filaments. The composite nature of cortical microtubules can be 

discriminated as the fluorescence intensity maximum of a bundle is increased compared 

to the fluorescence intensity maximum of its respective branches and this increase is 

linear (Komis et al. 2014).  

 To determine whether there is a linear increase in maximum fluorescence intensity 

of fluorescently labelled MAP65-2 upon the joining of two microtubule bundles into one, 

images of line expressing both tagRFP-MAP65-2 and TUA6-GFP were searched to find 

such events. Specifically, in places where microtubule bundles were branching into two 

smaller bundles (Fig. 44A-C), the fluorescence intensity profiles were drawn 

perpendicularly to the two smaller bundles and the larger bundle. Since both tagRFP-

MAP65-2 and TUA6-GFP exhibit local deviations in fluorescence intensity maxima, 

the intensity profiles were independently drawn five times and measurements from these 

repetitions were averaged. Then, measurements from eight branching events were 

averaged and plotted against distance (Fig. 44D-E). The fluorescence intensity maxima 

of both TUA6-GFP (Fig. 44D,F) and tagRFP-MAP65-2 (Fig. 44E,G) are distinctly 

different for the composite bundle and its smaller and larger branch. The linear correlation 

coefficient calculated for the absolute fluorescence intensity maxima of these three types 

of microtubule bundles reached high values for TUA6-GFP (R2=0.9966; Fig. 44F) 

corroborating the previous observation of a linear increase in maximum fluorescence 

intensity upon the inclusion of microtubules within a bundle (Komis et al. 2014). The 

MAP65-2 appears to follow this trend as the linear correlation coefficient was also high 

for tagRFP-MAP65-2 (R2=0.9786; Fig. 44G). This means that the maximum signal 

intensity of tagRFP-MAP65-2 corresponds to the amount of individual microtubules 

constituting the bundle.  

 The images of the line coexpressing tagRFP-MAP65-2 and TUA6-GFP, we also 

used to examine the signal intensity fluctuation alongside the cortical microtubules 

labelled with TUA6-GFP. For this purpose, longitudinal profiles were drawn along 

cortical microtubules (Fig. 45A-C). Because the absolute signal intensity values differ 

greatly between tagRFP-MAP65-2 and TUA6-GFP, the measurements from longitudinal 

profiles were normalized and then they were plotted against distance (Fig. 45D). 

The signal intensity fluctuation of TUA6-GFP reported previously was also observed 
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here, reflecting the uneven binding of TUA6-GFP into microtubules (Komis et al. 2014). 

Similarly, the signal intensity fluctuation of tagRFP-MAP65-2 signifies the uneven 

incorporation of tagRFP-MAP65-2 alongside microtubule bundles (Fig. 45D). The signal 

intensity changes in tagRFP-MAP65-2 were not completely following the signal intensity 

fluctuation of TUA6-GFP. Nevertheless, the overall changes in signal intensity were 

similar for both tagRFP-MAP65-2 and TUA6-GFP. This leads to a conclusion, that signal 

intensity of tagRFP-MAP65-2 reflects the microtubule bundle composition.   

Figure 44. Signal intensity of tagRFP-MAP65-2 reflects the microtubule bundle 

composition. Adapted from Vavrdová et al. (2020). Hypocotyl epidermal cells of stably 

transformed lines expressing both tagRFP-MAP65-2 and TUA6-GFP were observed 

in the Airyscan confocal laser scanning microscope (objective 63×/1.40 NA). (A-C) overview 

of an area with microtubule branching with TUA6-GFP shown in the green channel (A), 

tagRFP-MAP65-2 in the magenta channel (B) and (C) is a merged picture; measured 

microtubule bundles are visualized with white lines and labeled with numbers according to 

their strength (1 being the weakest and 3 the strongest bundle). Microtubule bundles were 

quantified by fluorescence intensity profiling and averaged values are shown in (D) for TUA6-

GFP and (E) for tagRFP-MAP65-2. Quantitative evaluation is given in (F) for TUA6-GFP and 

in (G) for tagRFP-MAP65-2 (mean±SD; R
2
, linear correlation coefficient; N=8, 5 technical 

repetitions). Scale bars, 2 µm. 
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 While analysing the images of the line coexpressing tagRFP-MAP65-2 and 

TUA6-GFP, it was observed that in certain places, tagRFP-MAP65-2 localized not only 

within the microtubule bundles but also in between two close parallel microtubule 

bundles (Fig. 46A-C). This phenomenon was also documented on fluorescence intensity 

profiles drawn perpendicularly to such events (Fig. 46D-F). Graph showing 

the normalized measurements plotted against distance (Fig. 46G) further validate these 

observations.  

As mentioned above, the SIM platform outperforms the ACLSM regarding 

resolution, thus, this line was observed also on this platform to verify these findings. 

The images from this line taken on the SIM platform (100x/1.57 NA objective) also 

displayed this peculiarity, where within the bundles of cortical microtubules (Fig. 46H-

J), the signal specific for tagRFP-MAP65-2 was observed in between two microtubule 

bundles (Fig. 46K-N). 
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Figure 45. Oscillation of tagRFP-MAP65 signal along cortical microtubules. Adapted 

from Vavrdová et al. (2020). Hypocotyl epidermal cells of stably transformed lines expressing 

both tagRFP-MAP65-2 and TUA6-GFP were observed in the Airyscan confocal laser 

scanning microscope (objective 63×/1.40 NA). (A-C) overview of a microtubule bundle, 

TUA6-GFP shown in the green channel (A), tagRFP-MAP65-2 in the magenta channel (B) 

and (C) is a merged picture; white line visualizes longitudinal profile, which is shown in (D), 

where normalized fluorescence intensities are plotted against distance. Scale bars, 2 µm. 
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3.3.3. Dynamics of MAP65-2 

For cortical microtubules is typical their dynamic behaviour as they constantly switch 

between the phases of growth and shrinkage (Shaw et al. 2003; Komis et al. 2014). The 

MAP65s crosslink predominantly antiparallel microtubules and it is decorating plus ends 

of antiparallel microtubules as long as the microtubules are bundled together, leading to 

changes in the length of MAP65-2 mirroring the end-wise microtubule dynamics (Lucas 

et al. 2011). 

Figure 46. Colocalization of MAP65-2 with microtubules. Adapted from Vavrdová et al. 

(2020). The colocalization of MAP65-2 with microtubules was visualized with either 

the Airyscan laser scanning microscopy (A-G) or the structured illumination microscopy (H-

N). (A-C) images of the line stably coexpressing TUA6-GFP (A) and tagRFP-MAP65-2 (B), 

an overlay is in (C). Boxed area in (A-C) is shown in (D-F); (D) TUA6-GFP, (E) tagRFP-

MAP65-2 and in (F) is an overlay; white line in (E-F) represents a perpendicularly drawn 

fluorescence intensity profile. After normalization, the profile intensity measurement was 

plotted against distance and the graph is in (G). (H-J) images of the line stably coexpressing 

TUA6-GFP (H) and tagRFP-MAP65-2 (I), an overlay is in (J). Boxed area in (H-J) is shown 

in (K-M); (K) TUA6-GFP, (L) tagRFP-MAP65-2 and in (M) is an overlay; white line in (K-

M) represents a perpendicularly drawn fluorescence intensity profile. After normalization, 

the profile intensity measurement was plotted against distance and the graph is in (N). Scale 

bars, 10 µm (A-C,H-J), 5 µm (D-F), 2 µm (K-M). 
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To describe the dynamic behaviour or MAP65-2, time-lapsed images of the line 

expressing eGFP-MAP65-2 were taken on the SIM platform, which enables fast scanning 

at high resolution. The effective time interval was 4.231 s and the time-lapsed images 

have usually been taken for 10 min (Fig. 47). This setting should provide data collection 

faithfully reporting on the MAP65-2 dynamics (Shaw et al. 2003; Komis et al. 2014).  

 The time-lapsed imaging showed that eGFP-MAP65-2 signal exhibits dynamic 

behaviour (Fig. 47A-C), where the growth in length is followed by rapid shrinkage. This 

behaviour resembles the threadmilling of the plus end of cortical microtubules, which is 
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D E 

Figure 47. MAP65-2 dynamics. Adapted from Vavrdová et al. (2020). (A) an overview of a 

hypocotyl epidermal cell of stably transformed line expressing eGFP-MAP65-2 observed by 

structured illumination microscopy (objective 63×/1.40 NA). In full-line box is area, which is 

magnified in stills in (B); while in dotted-line box is area depicted in stills in (C). Stills in (B) 

show growth of an individual microtubule bundle as is demonstrated on a kymograph (D), 

which was generated based on region of interest marked by the dotted line in (A). Complex 

dynamics within composite microtubule bundle is demonstrated in stills in (C) and in a 

corresponding kymograph in (E), which was generated based on region of interest marked by 

the dashed line in (A); white arrowheads point to microtubule ends. Scale bars, 10 µm (A), or 

1 µm (B-E); time bars, 1 min (D,E).  
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in line with previous studies (Van Damme 

et al. 2004; Lucas et al. 2011). Time-

lapsed images were used for generating 

kymographs (Fig. 47D), which were then 

used for determining parameters 

describing dynamics (Fig. 48). 

The MAP65-2 end dynamic, which 

supposedly corresponds to the plus ends 

of antiparallel microtubule pairs, was 

characterized with growth and shrinkage 

rates of 6.87±2.72 µm min-1 (N=57; 

Fig. 48A) and 21.35±6.38 µm min-1 

(N=43; Fig. 48B), respectively, and with 

the frequencies of rescue and catastrophe 

reaching 0.0107 and 0.0446, respectively.  

Similarly, this dynamic behaviour 

was also examined in more complex 

bundles (Fig. 47A,C). Dynamic 

parameters were again extrapolated from 

data measured within kymographs 

(Fig. 47E). Within these complex 

bundles, the growth and shrinkage rates 

were 6.32±2.00 µm min-1 

(N=42; Fig. 48A) and 17.08±4.84 µm 

min-1 (N=30; Fig. 48B), respectively. The frequencies of rescue and catastrophe were 

0.0114 and 0.0404, respectively. While the growth rates within individual bundles were 

comparable to those within complex bundles (Fig. 48A), the shrinkage rate within 

complex bundles were significantly smaller compared to the rate within individual 

bundles (Fig. 48B). Despite the MAP65-2 dynamic behaviour mimicking that of plus end 

cortical microtubules, the difference in shrinkage rate within individual and complex 

bundles suggests that apart from following cortical microtubule dynamics, it has its own 

methods of operation. 

 

Figure 48. Quantification of MAP65-2 

dynamics. Adapted from Vavrdová et al. 

(2020). Time-lapsed imaging of line 

expressing eGFP-MAP65-2 made on the 

structured illumination microscopy platform 

(objective 63×/1.40 NA) was used for 

generating kymographs. From the 

measurements made on the kymographs, the 

growth and shrinkage rates were calculated. 

(A, B) Boxplots present comparison of the 

growth (A) and shrinkage (B) rates for 

individual and complex bundles. Statistical 

analysis: Mann-Whitney U test; (A) U 

(N=99)=1081, p=0.4115 (ns - not statistically 

significant); (B) U (N=73)=382, p=0.0032 

(** significant at p˂0.01). Description of the 

box plot: average is presented by ×, median 

by the middle line, first quartile by the bottom 

line, third quartile by the top line; the 

whiskers lie within the 1.5× interquartile 

range (defined from the first to the third
 

quartile), outliers are presented by points.  
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3.3.4. MAP65-2 and MAP65-3 colocalize with mitotic microtubular structures 

Apart from cortical microtubules, MAP65-2 is known to colocalize with specific mitotic 

microtubule arrays, namely the preprophase band and phragmoplast (Lucas and Shaw 

2012). Conversely, MAP65-3 is known to associate only with mitotic microtubule arrays, 

specifically the preprophase band and phragmoplast (Müller et al. 2004; Caillaud et al. 

2008). Inferring from the reports on differential subcellular localization of individual 

members of the MAP65 protein family (Gaillard et al. 2008), in order to properly 

understand the possible differences in functions of individual MAP65s, it is necessary to 

first characterize the subtle nuances in their subcellular localization throughout the cell 

cycle. 

To confirm the colocalization of MAP65-2 and MAP65-3 with specific mitotic 

microtubule arrays, the lines coexpressing tagRFP-MAP65-2 and TUA6-GFP, or 

tagRFP-MAP65-2 and eGFP-MAP65-3, were first observed using LSFM (Fig. 49-51). 

At the cost of lower resolution, the LSFM is capable of time-lapsed imaging of whole 

8:49 10:04 11:20 0:00 3:47 5:02 6:18 2:31 D 

tagRFP-MAP65-2 TUA6-GFP merged A B C 

E F G H I J K 

Figure 49. MAP65-2 decorates mitotic microtubular structures. Light sheet microscopy 

was used to capture growing root of the line expressing both tagRFP-MAP65-2 and TUA6-

GFP. (A-C) an overview showing merged picture (A), the magenta channel reporting on 

tagRFP-MAP65-2 signal (B) and the green channel depicting TUA6-GFP signal (C). The 

boxed areas in (A-C) are shown in stills in (D-K). (D-K) presents selected stills, where bellow 

the merged picture are corresponding images from the magenta and green channels. White 

dotted brackets mark the spindle (D, E), white arrowheads point to the phragmoplast, 

specifically the disc (F, G), ring (H, I) and discontinuous phragmoplast (J, K). Scale bars, 10 

µm; time format, min:s. Image acquisition by Miroslav Ovečka. 
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roots spanning days (Ovečka et al. 2015). In this way, imaging the roots of these lines as 

they were growing in the media was possible. In the resulting videos, the colocalization 

of MAP65-2 and MAP65-3 with different mitotic microtubule arrays could be observed. 

As the whole root tips with multiple cell divisions were visualized, repeated examination 

of MAP65-2, MAP65-3 localization throughout cell division was possible, resulting in 

verifying the observations. 

Firstly, tagRFP-MAP65-2 subcellular localization was compared to GFP-labelled 

microtubules (Fig. 49A-C). As expected, the tagRFP-MAP65-2 signal is not present 

in metaphase spindle (Fig. 49D), but a weak specific signal is detected in the anaphase 

spindle when microtubules start to assemble into the disc phragmoplast (Fig. 49E). 

The MAP65-2 is present at the emergence of the disc phragmoplast (Fig. 49F) and it 

colocalizes with microtubules throughout the phragmoplast expansion (Fig. 49G-K).  

merged A tagRFP-MAP65-2 B eGFP-MAP65-3 C 
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Figure 50. Colocalization of MAP65-2 and MAP65-3 with mitotic structures. Light sheet 

microscopy was used to capture growing root of the line expressing both tagRFP-MAP65-2 

and eGFP-MAP65-3. (A-C) an overview showing merged picture (A), the magenta channel 

reporting on tagRFP-MAP65-2 signal (B) and the green channel depicting eGFP-MAP65-3 

signal (C). The boxed area marked by dashed line in (A-C) is shown stills in (D-H). In (D-H), 

the stills are presented as merged pictures, with corresponding images from the magenta and 

green channels bellow them. White full-line brackets mark the preprophase band (D-F), dotted 

brackets surround the spindle (G), white arrowheads point to the disc phragmoplast (H). Scale 

bars, 10 µm; time format, min:s. Image acquisition by Miroslav Ovečka. 
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Next, the colocalization of tagRFP-MAP65-2 and eGFP-MAP65-3 during cell 

division was compared (Fig. 50A-C, 51A-C). Both tagRFP-MAP65-2 and eGFP-

MAP65-3 decorate the preprophase band (Fig. 50D-F), while they are absent from the 

metaphase spindle (Fig. 50G, 51D; the position of the spindle was determined based on 

time progression of the time-lapsed imaging and the position of tagRFP-MAP65-2 and 

eGFP-MAP65-3 signal marking the preprophase band before the spindle assembly, and 

the phragmoplast after the spindle disassembly). The signal of tagRFP-MAP65-2 and 

eGFP-MAP65-3, respectively, reappears as the disc phragmoplast is formed (Fig. 50H, 

51E) and both proteins relocalize from the centre of the cell to the cell division site as the 

phragmoplast expands (Fig. 51F-I).   

 Although the LSFM provided information on the general localization of MAP65-

2 and MAP65-3 during the cell cycle, precise analysis of the subcellular localization of 

these proteins is needed. Therefore, the SIM platform was employed as it enables 

merged A tagRFP-MAP65-2 B eGFP-MAP65-3 C 
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Figure 51. Colocalization of MAP65-2 and MAP65-3 with mitotic microtubular 

structures. Light sheet microscopy was used to capture growing root of the line expressing 

both tagRFP-MAP65-2 and eGFP-MAP65-3. (A-C) an overview showing merged picture (A), 

the magenta channel reporting on tagRFP-MAP65-2 signal (B) and the green channel 

depicting eGFP-MAP65-3 signal (C). The boxed area marked by full line in (A-C) is shown 

stills in (D-H). In (D-H), the stills are presented as merged pictures, with corresponding images 

from the magenta and green channels bellow them. White dotted brackets surround the spindle 

(D), white arrowheads point to the phragmoplast, specifically disc (E), ring (F, G) and 

discontinuous phragmoplast (H, I). Scale bars, 10 µm; time format, min:s. Image acquisition 

by Miroslav Ovečka. 



95 
 

the acquisition of images with high resolution. Live cell time-lapsed imaging of eGFP-

MAP65-2 (Fig. 52) confirmed the observations from the LSFM on the absence of e-GFP-

MAP65-2 at the spindle (Fig. 52A,B). It also enabled better description of the transition 

between spindle and phragmoplast (Fig. 52C,D) and its presence at the phragmoplast 

(Fig. 52D-F). From the stills of the time-lapsed imaging is apparent, that during 

the anaphase, the previously absent specific signal for e-GFP-MAP65-2 appears again to 

decorate microtubule bundles. Moreover, this happens during the assembly of the disc 

phragmoplast (Fig. 52D), suggesting that MAP65-2 stabilizes microtubule bundles which 

form into phragmoplast. At the time the disc phragmoplast is formed it is strongly marked 

by e-GFP-MAP65-2 (Fig. 52E). As the disc phragmoplast develops first into ring 

phragmoplast, and then in discontinuous phragmoplast, the MAP65-2 signal is following 

the presumed localization of microtubules. At the early stages of the phragmoplast, 

MAP65-2 decorates the entire phragmoplast. As the phragmoplast expansion progresses, 

the MAP65-2-decoration of microtubules begins to narrow towards the phragmoplast 

midzone.    

 The SIM platform was used for providing high-resolution images of mitotic 

structures labelled by eGFP-MAP65-3 (Fig. 53). Corroborating the observations from 

LSFM, eGFP-MAP65-3 localizes at the preprophase band and phragmoplast (Fig. 53A). 

While the arrangement of MAP65-3 closely mimics the organization of microtubules 

in the preprophase band (Fig. 53B), the organization of MAP65-3 in the phragmoplast 

differs from the pattern of MAP65-2 (Fig. 52E, 53C). Rather than broadly decorating 
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Figure 52. Details of MAP65-2 localization during the cell division. Visualization of eGFP-

MAP65-2 by the structured illumination microscopy. (A-F) present stills from time-lapsed 

imaging. White arrowheads point to places without strong background signal, where 

chromosomes are supposed to be during metaphase before their segregation (A) and in early 

anaphase after their segregation (B). White dotted brackets surround area where eGFP-

MAP65-2 signal was detected, specifically at the beginning of the phragmoplast formation 

during the anaphase (C), in the disc phragmoplast (D), in the ring phragmoplast (E) and in the 

discontinuous phragmoplast (F). Scale bars, 2 µm (A-F); time format, min:s. Image acquisition 

by Pavlína Floková. 
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the entire microtubules of the phragmoplast, MAP65-3 appears to localize more 

discretely at the phragmoplast midzone. 

The colocalization of MAP65-2 and MAP65-3 at the preprophase band was 

confirmed by live cell imaging employing the SIM platform (Fig. 54A,B). Interestingly, 

the signal specific for MAP65-3 was detected on microtubule bundles outside of 

the preprophase band (Fig. 54B). The MAP65-2 and MAP65-3 appear to have similar 

signal patterns while decorating the preprophase band (Fig. 54C).  

Taken together, the SIM platform enabled detailed depiction of MAP65-2 and 

MAP65-3 localization at specific cell cycle stages, improving the comprehension of 

subcellular localization of MAP65-2 and MAP65-3. Indeed, the live cell imaging enables 

observation of dynamic changes within the plant cell. Therefore, it provides profound 
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Figure 53. Details of MAP65-3 localization. Visualization of eGFP-MAP65-3 by the 

structured illumination microscopy. In (A) is presented an overview; in (B) and (C) are shown 

details from the boxed areas in (A) bordered by full-line and dotted-line, respectively. Scale 

bars, 5 µm (A), 2 µm (B, C). Image acquisition by Pavlína Floková. 

eGFP-MAP65-3 tagRFP-MAP65-2 merged B A C 

Figure 54. Details of MAP65-2 MAP65-3 colocalization in the preprophase band. 

Visualization of the preprophase band in a line coexpressing tagRFP-MAP65-2 (A) and eGFP-

MAP65-3 (B) by the structured illumination microscopy. In (C) is presented a merged image. 

Scale bars, 5 µm. 
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insight into cellular processes compared to other approaches. The live cell imaging 

employing the SIM, ACLSM and LSFM platforms proved to produce valuable 

information on MAP65-2 and MAP65-3 organization, dynamics and colocalization with 

microtubules.  

However, the strength of each platform regarding colocalization studies is limited. 

The SIM platform, which outperforms the others in terms of resolution, proved to be 

excessively phototoxic for the tagRFP fluorescent protein and the used microscope setup 

did not enable sequential imaging. On the other hand, LSFM provided possibilities for 

long term imaging of two different fluorophores, but at the cost of lower resolution. 

Additionally, the live cell imaging was limited to the visualization of two different 

fluorophores, narrowing the colocalization studies to the simultaneous observation of two 

out of three proteins of interest.  

To colocalize all three proteins of interest, specifically MAP65-2, MAP65-3, and 

tubulin, it was decided to visualize these proteins through the immunolabelling in fixed 

samples. In spite of the benefits of live cell imaging, there are some advantages of 

the immunolabelling, notably: (i) the fluorescent labels are less prone to photobleaching 

as they are mounted in appropriate protective media; (ii) the fixation conserves native 

protein structures, which then enables imaging with higher laser power; (iii) the static 

nature of the structures alleviates the requirement of high acquisition speed characteristic 

for live cell imaging. These specifics provide the possibility for detailed visualization of 

cytoskeletal structures by the SIM.  

 The immunolabelling of Arabidopsis roots has been described previously (Sauer 

et al. 2006; Šamajová et al. 2014) and by optimizing the protocol, concurrent 

immunolabelling of three proteins was possible. Since there were no available specific 

antibodies against MAP65-2 and MAP65-3, these proteins were localized by 

immunolabelling fluorescent proteins in lines stably coexpressing tagRFP-MAP65-2 and 

eGFP-MAP65-3. Specifically, the Atto 488-conjugated anti-GFP nanobodies were used 

for detecting the eGFP-MAP65-3. Tubulin was localized by labelling with a rat anti-

tubulin antibody and Alexa Fluor 647-conjugated anti-rat antibody. Finally, the tag-RFP-

MAP65-2 was labelled with rabbit anti-RFP antibody and Alexa Fluor 546-conjugated 

anti-rabbit antibody. To visualize the DNA, the DAPI staining was used. The imaging or 

these samples was performed on the SIM platform. 
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 By covisualizing MAP65-2, MAP65-3, tubulin and DNA in fixed samples, 

the colocalization of the proteins during the mitotic progression of the cell cycle was 

possible (Fig. 55, 56). The microtubules forming the metaphase spindle and the ring 

phragmoplast (Fig. 55A) and the localization of both MAP65-2 and MAP65-3 

(Fig. 55B,C) at these stages was documented. The cell cycle stages were determined 

based on the position of DAPI-stained DNA (Fig. 55D,E). The metaphase spindle was 

devoid of both MAP65-2 and MAP65-3 (Fig. 55F-H). This is in line with 

the observations from live cell imaging (Fig. 49-52).  

 The microtubules constituting the disc and ring phragmoplasts (Fig. 56A) and the 

localization of both MAP65-2 (Fig. 56B) and MAP65-3 (Fig. 56C) at these stages was 

documented. Again, the stage of the cell division was confirmed by localizing DAPI-

stained DNA (Fig. 56D,E). The MAP65-2 appeared to colocalize along the whole 

phragmoplast microtubule bundles (Fig. 55F, 56F) validating the observation from live 

Figure 55. Colocalization of MAP65-2 and MAP65-3 with mitotic microtubular arrays. 

Immunolocalization of tubulin (A), tagRFP-MAP65-2 (B) and eGFP-MAP65-3 (C) combined 

with DAPI staining (D) in roots of line coexpressing tagRFP-MAP65-2 and eGFP-MAP65-3. 

(E-H) present merged images showing combinations of: tubulin, MAP65-2, DAPI (E); 

MAP65-2, MAP65-3, DAPI (F); tubulin, MAP65-3, DAPI (G); tubulin, MAP65-2, MAP65-

3, DAPI (H). White dotted brackets mark the metaphase spindle, white full arrowheads point 

to the ring phragmoplast. Arrowheads and brackets are positioned at the same places in all 

images. Scale bars, 2 µm. Image acquisition by Renata Šnaurová. 
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cell imaging (Fig. 49). On the other hand, MAP65-3 was detected only in the 

phragmoplast midzone showing different localization pattern to both MAP65-2 and 

microtubules (Fig. 55F-H, 56G,H). This is again in line with the results from live cell 

imaging (Fig. 53).  

Distinct localization pattern of MAP65-3 was further depicted by comparing the 

localization of mitotic microtubule arrays (Fig. 57A), MAP65-3 (Fig. 57B) and DNA 

(Fig. 57C). Different cell cycle stages were determined by comparing microtubule and 

DNA organization (Fig. 57D). The MAP65-3 signal was not detected at the metaphase 

spindle (Fig. 57E-F), but it was present at the midzone of the disc, ring and  discontinuous 

phragmoplasts (Fig. 57E-F), further strengthening the perception of differential 

localization of MAP65-2 and MAP65-3 at the phragmoplast.  

 In spite of the inferiority of the fixed-sample microscopy to the live cell imaging 

regarding the information value on cellular processes, this approach proved to be useful 

in validating the observations from live cell imaging and providing additional information 

on localization of proteins and DNA. By covisualizing microtubules, MAP65-2, MAP65-

tubulin, MAP65-3 

DAPI MAP65-2 MAP65-3 tubulin 

MAP65-2, DAPI MAP65-3, DAPI tubulin, DAPI 
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Figure 56. Colocalization of MAP65-2 and MAP65-3 with phragmoplasts. 

Immunolocalization of tubulin (A), tagRFP-MAP65-2 (B) and eGFP-MAP65-3 (C) combined 

with DAPI staining (D) in roots of the line coexpressing tagRFP-MAP65-2 and eGFP-

MAP65-3. (E-H) present merged images showing combinations of: tubulin, DAPI (E); 

MAP65-2, DAPI (F); MAP65-3, DAPI (G); tubulin, MAP65-3 (H). White empty arrowheads 

point to the disc phragmoplast, white full arrowheads point to the ring phragmoplast. 

Arrowheads are positioned at the same places in all images. Scale bars, 5 µm. Image 

acquisition by Renata Šnaurová. 
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3 and DNA, it was possible to specify the localization of MAP65-2 and MAP65-3 in 

relation to each other and to microtubules at different stages of the cell cycle.  

  

tubulin, MAP65-3 

DAPI MAP65-3 tubulin 

MAP65-3, DAPI tubulin, DAPI 

A B C 

D E F 

Figure 57. Colocalization of MAP65-3 with mitotic microtubular arrays. 

Immunolocalization of tubulin (A), eGFP-MAP65-3 (B) combined with DAPI staining (C) in 

roots of the line expressing eGFP-MAP65-3. (D-F) present merged images showing 

combinations of: tubulin, DAPI (D); MAP65-3, DAPI (E); tubulin, MAP65-3 (F). White 

dotted brackets mark the metaphase spindle, white empty arrowheads point to the disc 

phragmoplast, white full arrowheads point to the ring phragmoplast, white full-line brackets 

mark the discontinuous phragmoplast. Arrowheads and brackets are positioned at the same 

places in all images. Scale bars, 2 µm. Image acquisition by Renata Šnaurová. 
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4. Discussion 

4.1. The interplay of PP2A and MPK3, MPK6 in cell division plane 

orientation 

Plant phosphoprotein phosphatases dephosphorylate a plethora of substrates, which leads 

to their involvement with numerous plant processes. Consequently, many phosphoprotein 

phosphatases are known to affect plant development, either through exerting control over 

hormonal signalling, responses to environmental cues, cell proliferation or cell division 

plane orientation (reviewed in Boyer and Simon, 2015). The impact of phosphoprotein 

phosphatases on formative cell divisions is in most cases indirect as exemplified by PP2A 

and PP6 in the regulation polar localization of PIN-FORMED transporters (Michniewicz 

et al. 2007; Dai et al. 2012; Ballesteros et al. 2013). However, PP2C kinases 

POLTERGEIST and POLTERGEIST-LIKE are known to be more directly involved 

in the control over the asymmetric cell division (Song and Clark 2005; Song et al. 2008). 

Thus, it is reasonable to speculate that other phosphatases might directly regulate the cell 

division plane orientation.  

Phosphoprotein phosphatases were shown to be essential for cell division and 

assembly and disassembly of mitotic microtubule arrays (Bhaskara et al. 2017; 

Samofalova et al. 2019). Similarly to their animal counterparts, which are well-known to 

regulate important players of cell division, namely CDKs, AURs, and MPKs (Mumby 

and Walter 1993; Mayer-Jaekel and Hemmings 1994), plant phosphoprotein 

phosphatases were either proved or predicted to interact with tubulin (Awotunde et al. 

2003; Kirik et al. 2012; Voss et al. 2013), microtubule associated proteins and markers 

of the cortical division zone (Twell et al. 2002; Kawamura et al. 2006; Xu et al. 2008; 

Rasmussen et al. 2011; Spinner et al. 2013), CDKs and MPKs (Umbrasaite et al. 2010; 

Kohoutová et al. 2015). Importantly, two plant phosphoprotein phosphatases were found 

to inactivate MPKs during specific developmental stages with profound effects on 

formative cell divisions. The AP2C3 (from the PP2C family) and MKP1 inactivate 

MPK3/6 in stomatal precursors acting as positive regulators of stomatal differentiation 

program (Umbrasaite et al. 2010; Tamnanloo et al. 2018), effectively controlling the 

commitment to cell fate by integrating MPK signalling and cell cycle regulation 

(Umbrasaite et al. 2010). The regulatory activity of AP2C3 on MPK3/4/6 was also shown 

in roots, where AP2C3 affects cell division including the spindle and the cell division 

plane orientation (Kohoutová et al. 2015). MKP1 is expected to also regulate MPK3/6 
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in other developmental events, as the overall phenotype of mkp1 yda double mutant was 

improved compared to yda single mutant (Tamnanloo et al. 2018). 

Concerning plant phosphoprotein phosphatases involved in cell division, PP2A 

holds a special position as its regulatory subunit TON2 has been associated with the cell 

division plane orientation for a long time (Traas et al. 1995; McClinton and Sung 1997). 

The mutants in TON2 exhibit defects in establishing and maintaining the cortical division 

zone and, consequently, in the phragmoplast guidance (Camilleri et al. 2002). The altered 

cell division patterning results in strong morphological defects, however, the tissue 

pattern formation remains unaffected (Torres-Ruiz and Jurgens 1994; Scheres et al. 

1995). Other subunits of PP2A show either significantly weaker phenotype or they are 

functionally redundant exhibiting these defects only when two subunits are missing (Zhou 

et al. 2004; Blakeslee et al. 2008; Spinner et al. 2013). 

Although PP2A is known to indirectly affect cell divisions through polar 

localization of PINs (Michniewicz et al. 2007), its direct involvement with the cortical 

division zone maintenance suggests that PP2A profoundly affects the cell division plane 

orientation. Several studies suggested that the PP2A affects the cell division plane 

orientation through dephosphorylation of microtubule associated proteins, specifically 

MOR1, TON1 and MAP65s (Smertenko et al. 2006; Kirik et al. 2007; Kirik et al. 2012).  

Another possibility might be that PP2A targets MPKs involved in cell division. 

Animal PP2A is known to regulate various MPK cascades, among them 

EXTRACELLULAR SIGNAL-RELATED KINASEs, which are related to plant MPKs 

(Grethe and Pörn-Ares 2006; Letourneux et al. 2006). The candidate MPKs, which could 

be regulated by PP2A in the context of the cell division plane orientation would be 

MPK3/4/6. While MPK4 is generally involved in cell division (Beck et al. 2010), MPK3 

and MPK6 are known to have partially redundant roles in formative cell divisions during 

several developmental events (Bush and Krysan 2007; Wang et al. 2007; Müller et al. 

2010). Even though they were shown to be regulated by PP2C and MKP1 (Umbrasaite 

et al. 2010; Kohoutová et al. 2015; Tamnanloo et al. 2018), they are presumed to be 

regulated by other phosphoprotein phosphatases as well.  

To investigate the possibility of MPK3, MPK6 being regulated by PP2A, mpk3 

and mpk6 loss-of-function mutants were grown in the presence of a phosphatase inhibitor. 

Even though the chosen phosphatase inhibitor, cantharidin, is not specific only for PP2A, 
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it has higher selectivity towards PP2A than to PP1 (Li et al. 2010b) and it does not 

interfere with PP2B or PP2C (Li et al. 1993) unless it is used in very high concentrations 

(Bajsa et al. 2011). Therefore, the cantharidin treatment should not affect the regulation 

of MPK3/6 by PP2C (Kohoutová et al. 2015). Both mpk3 and mpk6 mutants proved to be 

partially insensitive to cantharidin treatment, especially in low concentrations, in which 

cantharidin was previously shown to preferentially target the activity of RCN1, 

a scaffolding subunit of PP2A (Deruere et al. 1999; Shin et al. 2005).  

Since both the root length and the distance between the root tip and first root hair 

were less affected in mutants compared to wild type, it appears that PP2A and MPK3/6 

work synergistically in modulating root growth. Interestingly, mpk3, mpk6 mutants 

showed partial insensitivity regarding the overall phenotype and root length, 

but the distance between root tip and first root hair was completely unaffected by lower 

concentrations of cantharidin, suggesting that the cooperation between PP2A and 

MPK3/6 might predominantly affect the root tip. Indeed, mpk3, mpk6, and rcn1 mutants 

were previously described to have wrongly positioned cell walls within the root tip 

(Zapletalová and Šamajová, personal communication; Blakeslee et al. 2008; Müller et al. 

2010; Floková 2016), which was confirmed in this study. The rcn1 mutant exhibits 

relatively mild defects in the cell wall orientation within the root tip, which is possibly 

caused by partial functional redundancy with other PP2AA subunits, PP2AA2 and 

PP2AA3 (Zhou et al. 2004; Spinner et al. 2013). On the other hand, the severe phenotype 

of the ton2-5 mutant prevented imaging of the root tip anatomy by employing the same 

strategy as in other mutants. 

Although the involvement of RCN1 in auxin transport was documented (Garbers 

et al. 1996; Deruere et al. 1999; Rashotte et al. 2001; Shin et al. 2005; Michniewicz et al. 

2007), and there is a previous report on decreased expression of DR5::GUS reporter 

in rcn1 mutant (Blakeslee et al. 2008), no detectable changes in DR5 expression were 

noted in the rcn1-6 mutant in this study. Herein, a DR5::GFP reporter instead of 

DR5::GUS was used, making the assessment of expression levels more straightforward 

than depending on the histochemical protocol for detection. Additionally, defects in auxin 

transport in the rcn1-6 mutant are possibly masked by the other two PP2AA subunits 

(Michniewicz et al. 2007). The DR5 expression in the root of mpk3, mpk6 mutants 

appeared generally unaffected. This justifies the hypothesis that the root tip anatomy 

defects stemming from the improper orientation of the cell division plane in mpk3, mpk6 
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mutants do not emerge upon the disturbances in auxin transport, but rather after 

the impairment of the spatiotemporal control of mitotic changes in microtubule arrays 

(Beck et al. 2010). 

The pharmacological study was followed up with a genetic study. Since MPK6 is 

better described regarding its role in root development than MPK3, the mpk6 mutant was 

crossed with rcn1 mutant. The cell wall orientation defects in mpk6 rcn1 double mutants 

were alleviated compared to mpk6 single mutants and in some cases, complete rescue 

in this trait was observed. This supports the hypothesis that RCN1 and MPK6 are 

involved in the same pathway controlling the cell division plane orientation in the primary 

root tip. To which level both proteins counteract during the regulation of the cell division 

plane orientation remains to be elucidated. 

The direct interaction between MPK3 and RCN1 was previously reported 

in a high-throughput experiment (Interactome 2011). To confirm this, the interaction 

between MPK3 and RCN1 was assessed by yeast-two hybrid. This in vitro assay was also 

used to test putative interactions between RCN1 and MPK6, and N-terminal regulatory 

domain of YDA, respectively. While the interaction between MPK3 and RCN1 was 

confirmed in vitro, it could not be assessed for MPK6. Moreover, weak interaction 

between RCN1 and the N-terminal regulatory domain was detected. In future, the results 

from in vitro assays must be verified by other protein-protein interaction assays. 

To elucidate whether MPK3/6 are upstream of RCN1, thus, their phosphorylation 

is unaffected by its genetic depletion, commercially available antibodies against MPK3/6 

and pMPK3/6 were used to detect protein levels in rcn1 mutants. Since both RCN1 and 

MPK3/6 have different abundance in various Arabidopsis organs (Klepikova et al. 2016), 

this experiment was performed on several types of tissues. The genetic depletion of RCN1 

affected MPK3/6 abundance in flowers and siliques and, more importantly, 

the phosphorylation levels of MPK3/6 were altered in roots, flowers and siliques.  

Although there is a report on the degradation of MKK upon its dephosphorylation 

(Liu et al. 2014), MPKs are generally regarded to be regulated by mechanisms other than 

protein degradation (Tena et al. 2001; Cristina et al. 2010). The changes in MPK3/6 

protein abundance are therefore more likely resulting from indirect effects of RCN1 

genetic depletion, rather than emerging from PP2A-mediated degradation of MPK3/6. 

On the other hand, the changes in levels of pMPK3/6 might be linked to direct activity of 
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PP2A on MPK3/6. The increased levels of pMPK3/6 in roots and siliques of rcn1-6 could 

be explained by reduced activity of PP2A. This is in line with previous observations of 

partial insensitivity of mpk3, mpk6 mutants to cantharidin treatment and the rescue in the 

root tip anatomy in mpk6 rcn1 double mutant.  

Both protein abundance and phosphorylation levels of MPK3/6 are decreased 

in flowers of rcn1-6, which is in contrast with the observations in other types of tissue 

signifying that not only the functional interaction between RCN1 and MPK3/6 affects 

only certain tissues, but it might have different roles in various developmental contexts. 

PP2A is known to affect flower development (Zhou et al. 2004), embryogenesis 

(Torres-Ruiz and Jurgens 1994; Spinner et al. 2013) and endosperm cellularization 

(Sorensen 2002). Similarly, MPK3/6 are involved in flower development (Bush and 

Krysan 2007; Wang et al. 2008; Meng et al. 2012) and embryogenesis (Wang et al. 2007). 

Thus, both PP2A and MPK3/6 are involved at several events during the development 

of generative tissues. Nevertheless, both PP2A and YDA-MAPK modules are involved 

in the cell division plane orientation during early embryogenesis. Cell divisions in early 

embryogenesis are highly ordered, simplifying the detection of defects in the cell division 

plane orientation. Therefore, the early embryonic development was examined in rcn1, 

ton2, mpk3 and mpk6 mutants. 

The observed cell division plane orientation defects in rcn1 and ton2 mutants were 

in line with previous reports (Camilleri et al. 2002; Spinner et al. 2013). This type of 

defects was also noted in mpk3 and mpk6 mutants confirming the claim that both PP2A 

and MPK3/6 are involved in the cell division plane orientation not only in roots but also 

in embryos. The cell division plane orientation was affected in both embryo proper and 

suspensor of rcn1, mpk6 mutants, corroborating previous reports (López-Bucio et al. 

2013; Spinner et al. 2013). Contrary to the previous study, mpk3 mutant was found to 

have similar embryonic defects as mpk6 mutant, albeit with lower occurrence (López-

Bucio et al. 2013). 

During the first asymmetric division of the zygote, the YDA-MPK pathway 

affects cell polarity through activating WRKY2, which then initiates the activation of 

WOX8, WOX9 expression (Ueda et al. 2017). Accordingly, the cell division plane 

orientation defects were described in mutants impaired in WRKY2, WOX2, WOX8 and 

WOX9 (Breuninger et al. 2008; Ueda et al. 2011), and in YDA, MPK3, MPK6 (Lukowitz 
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et al. 2004; this study). Moreover, the expression pattern of WOX8 is disrupted in mpk3 

and mpk6 mutants, which could reflect the unequal distribution of cell polarity factors. 

TON2 was previously described to affect the cell division plane orientation 

without affecting pattern formation (Torres-Ruiz and Jurgens 1994). Contrary to 

the assumption that WOX8 expression should be unaffected in ton2 mutants because 

the pattern formation is unaltered, abnormal expression patterns of the WOX8 were 

observed in the ton2 mutant. The cell division plane orientation defects in ton2 mutants 

are assigned to the erroneous regulation of mitotic arrays. Since microtubules are known 

to affect the asymmetric division of the zygote (Kimata et al. 2016), and the asymmetric 

division during pollen development can be overturned in favour of symmetric divisions 

after treatment with microtubule inhibitors (Tanaka and Ito 1981), it is possible that by 

affecting the positioning of the mitotic microtubule arrays, the TON2 is responsible for 

correct separation of the polarity factors into the daughter cells. The misplaced 

positioning of the cell division plane in the highly polarized zygote (Zhang and Laux 

2011; Kimata et al. 2019) might lead to incorrect segregation of the polarity factors into 

the apical and basal cell, which would explain the incorrect expression pattern of WOX8 

in ton2 mutants. This problem with the cell fate specification would be only transient, as 

it would be corrected by other factors involved in the robust mechanism of the cell fate 

determination. This would be in line with the observation of normal auxin distribution 

in ton2 mutants. 

Apart from the YDA-MPK cascade and the WOX protein family, auxin 

contributes to the establishment and maintenance of apical-basal polarity in embryos 

(Friml et al. 2003). The spatiotemporal regulation of auxin maxima distribution were 

affected in mpk3, mpk6 mutants, though less significantly than in other mutants, 

e.g. wox8 wox9 double mutants (Breuninger et al. 2008) and mutants in which auxin 

transport is altered (Izhaki and Bowman 2007; Mravec et al. 2008; Luo et al. 2011). 

Nevertheless, the observation of weaker and less well-defined DR5 signal is in line with 

previous observations of similar phenotypes in mutants affecting auxin transport systems 

(Mravec et al. 2008) or the auxin-gibberellic acid crosstalk (Baba et al. 2019), whereas 

the opposite, meaning the overexpression of DR5, was observed in zwille mutants 

(Roodbarkelari et al. 2015). These reports support the notion that the observed changes 

in DR5 expression in mpk3, mpk6 mutants report on altered auxin signalling in these 

mutants. Similar defects, though with higher frequency, were also observed in rcn1 
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mutant, corroborating the previous report on decreased signal intensity of DR5 expression 

in rcn1 pp2aa3 double mutants (Michniewicz et al. 2007). In contrast, auxin maxima 

appeared unaffected in ton2 mutant embryos, suggesting that rather than the whole 

complex of PP2A, only certain subunits, notably PP2A, affect auxin signalling. This 

would mean that despite similar defects in DR5 expression in mpk3, mpk6, and rcn1 

mutants, they are probably caused by different mechanisms indirectly affecting auxin 

signalling. 

Properly coordinated auxin synthesis and transport are essential for correctly 

established division patterns in the embryo (Yoshida et al. 2014) and an increase in auxin 

maxima was linked to earlier onset of organ differentiation leading to morphological 

defects (Zhang et al. 2017b). No defects were noted in postembryonic shoot development 

of mpk3, mpk6, rcn1 mutants despite the abnormal expression of DR5 during embryonic 

development. This could be explained by other factors affecting auxin signalling and 

alleviating the predicaments caused by impaired function of these genes. 

In conclusion, the MPK3, MPK6 and PP2A seem to be a part of a common 

signalling pathway in the cell division plane orientation in roots, while the situation 

in embryos is more ambiguous. The PP2A, together with other kinases and phosphatases, 

could participate on modulating the phosphorylation status of MPK3 and MPK6, which 

affects the function, subcellular localization (Zhang et al. 2016a) and participation 

of these kinases in multiprotein complexes (Bequette et al. 2018).  
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4.2. HSP90s affect asymmetric cell divisions through modulating 

YDA-MPK cascade 

The YDA-MPK pathway was described to be involved in several developmental 

processes (Wang et al. 2007; Meng et al. 2012; Smékalová et al. 2014; Ueda et al. 2017). 

Recently, cytoplasmic HSP90s were shown to directly interact with YDA, and this 

interaction affected the stomatal differentiation pathway (Samakovli et al. 2020). In this 

way, environmental cues are integrated into developmental pathways.  

Another developmental event where YDA plays a major role is embryogenesis 

(Lukowitz et al. 2004), where the role of the YDA-MPK cascade is to establish 

the first asymmetric cell divisions and to secure spatiotemporal regulation of gene 

expression of cell fate determination factors (Ueda et al. 2017). Previously, yda loss-of-

function and ΔNyda gain-of-function mutants were reported to exhibit defects in the cell 

division plane orientation only in the suspensor (Lukowitz et al. 2004) of the very early 

stages of embryos, overviewing the possibility that such defects may appear in the embryo 

proper later. In the present study, this type of defects is indeed shown to occur 

in the embryo proper, which is in line with phenotypes observed in mpk3 and mpk6 

mutants (López-Bucio et al. 2013; this study). Interestingly, genetic depletion 

of cytoplasmic HSP90.1 and HSP90.2 rescued the cell division plane orientation defects 

of yda and ΔNyda mutants. This suggests that HSP90s play a role in the embryogenesis 

downstream of YDA similarly to the recently published role of HSP90s in YDA-driven 

regulation of stomatal differentiation (Samakovli et al. 2020). 

 During embryogenesis, the YDA-MPK pathway targets WRKY2, which activates 

the expression of WOX8 (Ueda et al. 2017). The expression of WOX8 needs to be tightly 

spatiotemporally regulated as it determines the cell fate of the basal cell lineage and it is 

involved in establishing the apical-basal axis (Breuninger et al. 2008; Ueda et al. 2011). 

As a master regulator, it has control over other members of WOX protein family involved 

in embryogenesis, and it also affects auxin distribution (Breuninger et al. 2008; Ueda et 

al. 2011). As expected, the WOX8 expression pattern was compromised in yda and ΔNyda 

mutants. The assumption would be that with the genetic depletion of YDA, a positive 

regulator of WOX8 and the basal cell lineage (Ueda et al. 2017), the expression of WOX8 

would be decreased and its localization pattern might be compromised. Indeed, 

the WOX8::NLS:YFP signal was missing in some suspensor cells in yda, but also in 

ΔNyda mutants. Conversely, with the constitutively active YDA, the ectopic expression 
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in the apical cell lineage would be expected, which was noted, yet again for both yda 

mutants. As these observations cannot be explained by the model suggested in previous 

work (Ueda et al. 2017), alternative explanations should be discussed. 

 Generally, the asymmetric cell divisions are controlled by intrinsic and extrinsic 

factors. The major extrinsic factor in the embryonic development is auxin, however, its 

role in the very early development is limited as it is supplemented from maternal tissues 

(Friml et al. 2003) and the role of auxin expands once the apical-basal axis is established 

(Zhang et al. 2017b). Thus, the very early development is dependent on intrinsic factors, 

which is in line with the observed asymmetric distribution of organelles (Kimata et al. 

2019) and cytoskeleton components (Kimata et al. 2016) in the zygote. The adoption of 

correct cell fate following the asymmetric division depends on the inheritance of proper 

cell fate determination factors. At the same time, the asymmetric cell division depends on 

the unequal distribution of the polarity factors (e.g. Terasaka and Niitsu 1987; Houbaert 

et al. 2018; Xue et al. 2020). Thus, the impaired positioning of the cell division plane 

in yda mutants could lead to uneven distribution of otherwise well-organized intrinsic 

factors, which would result in problems with the cell fate determination. 

As the interaction network establishing the cell fate is rather robust, it is reasonable to 

speculate that such irregularities would be alleviated later on.  This would mirror the polar 

axis establishment in the zygote of fucal algae, where the polar axis is fixed only after a 

certain amount of time following its formation (Fowler and Quatrano 1995). In this 

model, abnormal expression pattern of WOX8 observed in yda mutants would result from 

the improper spatial distribution of cell fate determinants following the incorrectly 

oriented cell divisions. 

Alternatively, the YDA-MPK pathway might control cell fate determinants 

through another mechanism which would exist in parallel to the previously described role 

of the YDA-MPK pathway in the transcriptional activation of WOX8 (Ueda et al. 2017). 

YDA might alter the expression of WOXs by adjusting histone modifications, as WOXs 

were identified as targets of the POLYCOMB REPRESSIVE COMPLEX 2 (Bouyer et al. 

2011). This complex is known to modulate transcription of genes involved 

in the embryonic development (Mozgova et al. 2015; Xiao and Wagner 2015) through 

histone modifications (Köhler et al. 2012). HSP90s are known to affect the morphology 

via epigenetic modulation (Sollars et al. 2003; Sangster et al. 2007) and the abnormal 

expression pattern of WOX8 was also noted for hsp90.1 and hsp90.2 mutants. This 
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supports the hypothesis of the involvement of HSP90s in embryonic developmental 

processes and it proposes a model in which HSP90s modulate the activity of YDA-MAPK 

pathway in the context of epigenetic regulation of embryonic development.  

 Apart from supporting the determination of the basal cell lineage, the YDA-MPK 

cascade and WOX8 regulate WOX2 and auxin (Breuninger et al. 2008; Zhang et al. 

2017b), two major factors in the embryo proper development. The auxin maxima 

distribution was affected in both yda and ΔNyda mutants. The less well-defined auxin 

maxima in basal pole in yda were similar to phenotypes in mutants affecting auxin 

transport systems (Mravec et al. 2008); whereas the severe phenotype of ΔNyda is 

strongly reminiscent of methyltransferase 1 mutant (Xiao et al. 2006). Moreover, 

the auxin maxima were distorted in the postembryonic root development, corroborating 

the previous report on the upregulation of auxin biosynthetic enzymes in the roots of these 

mutants (Smékalová et al. 2014). 

 Defects in the spatiotemporal distribution of auxin maxima were observed 

in hsp90 mutant embryos. HSP90s assumably affect the auxin signalling in several ways, 

as cytoplasmic HSP90s are known to regulate auxin transport (Wang et al. 2016; 

Watanabe et al. 2016; Watanabe et al. 2017). However, the irregular auxin signalling 

caused by their genetic depletion appears to be restored by other mechanisms as the auxin 

maxima distribution appears unaffected in the root of hsp90 mutants.  

The cell division plane orientation defects in the postembryonic root development 

of both yda and ΔNyda mutants were rescued by genetic depletion of HSP90.1, which 

signifies that HSP90s affect the cell division plane orientation downstream of YDA not 

only during embryogenesis but also in postembryonic development. This is also 

supported by the observation of the overall improved phenotype of hsp90 yda double 

mutants (Závorková 2019). 

The HSP90s fold and stabilize a wide range of proteins, which means that they 

are securing proper function of various signalling pathways (Li et al. 2012; Taipale et al. 

2012). Recently, YDA has been described to interact with HSP90s (Samakovli et al. 

2020), adding MPKs into the network surrounding HSP90s, which was suggested to be 

essential in maintaining order throughout ontogenesis (Samakovli et al. 2014; Shigeta et 

al. 2015; Margaritopoulou et al. 2016; Wang et al. 2016). The role of HSP90s 

in embryogenesis is supported by embryo abortion phenotypes (Samakovli et al. 2007) 

and differential expression of cytosolic HSP90s (Prasinos et al. 2005). In this study, 

the role of cytoplasmic HSP90s in the cell division plane orientation and cell fate 
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determination during early embryogenesis is documented as well as its cooperation with 

the YDA-MPK pathway in the proper positioning of cell walls. Moreover, this property 

was also noted in the postembryonic root development.  

The exact mechanism of how HSP90s affect the cell division plane orientation 

through the YDA-MPK pathway is currently unknown. Generally, the formative cell 

divisions and cell fate determination are either shaped by spatiotemporally regulated 

factors or by polarized proteins (Zhang et al. 2015). The first group is exemplified by 

auxin maxima conferring identity of the quiescent center in the primary root (Sabatini et 

al. 1999), and distribution of transcription factors deciding the cell fates during 

the formative division of hypophysis (Jenik et al. 2005). Both HSP90s and YDA were 

shown to affect WOX8 and auxin, two factors determining cell fates during 

embryogenesis. However, without additional experiments, it cannot be ruled out that 

HSP90s and YDA modulate the auxin distribution via different pathways.  

The MPK signalling pathways integrate various signals and they frequently share 

signalling components (reviewed in Komis et al. 2018a). There are several mechanisms 

securing their signalling specificity, among them the spatial restraints executed 

by scaffold, adaptor or anchoring proteins (Bardwell 2008). The scaffolding enables 

differential utilization of MAPK modules (Dhanasekaran et al. 2007), 

compartmentization (Müller et al. 2001), and it prevents errorneous crosstalk (Nishimura 

et al. 2016). In plants, the only described true scaffold protein is RECEPTOR OF 

ACTIVATED C KINASE 1 (Guo and Chen 2008). However, other proteins were found 

to affect the subcellular localization of plant MPKs. Notably, KIN7a/b (Takahashi et al. 

2010), 14-3-3ω (Kohoutová et al. 2015), BASL (Zhang et al. 2015), and POLAR 

(Houbaert et al. 2018). 

Recently, HSP90.1 was found to affect the polarization of YDA in stomatal 

precursors (Samakovli et al. 2020), which is crucial for asymmetric cell division during 

the stomatal differentiation pathway (Zhang et al. 2015; Houbaert et al. 2018; Xue et al. 

2020). The RHO GTPASE OF PLANTS 3 has been suggested to sequester the subcellular 

localization of YDA in the zygote to its basal part (Jeong et al. 2016). If the subcellular 

localization of YDA is polarized during early embryogenesis, HSP90s might be involved 

in the sequestering of YDA localization, similarly to their function in the stomatal 

differentiation pathway. Lastly, HSP90s could be involved in the cell division plane 

orientation more directly, because they are known to colocalize with phragmoplast 

(Krtková et al. 2012) and to affect microtubule remodelling (Queitsch et al. 2002).  
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4.3. Visualizing organization and dynamics of MAP65s 

Similarly to other eukaryotic cells, the very survival of plant cells depends on plant 

cytoskeleton as it is at the core of many quintessential processes including cell growth 

and division. The in vitro experiments or studies in heterologous systems do not always 

accurately report on the events in living cells, therefore they need to be supplemented 

with in vivo visualization of these cellular events (Stoppin-Mellet et al. 2013). 

As the plant cytoskeleton consists of fine structures, the structure of microtubules and 

the organization of the microtubule associated proteins binding them have been assessed 

by transmission electron microscopy (Ledbetter and Porter 1963; Chan et al. 1999). 

The transmission electron microscopy possesses an unparalleled resolution capacity, 

which makes it an indispensable tool for examining protein colocalization and interaction 

(Kremer et al. 2015; Celler et al. 2016). Alas, its use is limited to fixed and artificially 

contrasted samples, which restrains its applicability for observation of dynamic processes. 

This is of great disadvantage especially in the case of microtubules, as they continuously 

exhibit dynamic behaviour (Shaw et al. 2003; Komis et al. 2014). 

On the other hand, the resolution obtained by means of light microscopy is bound 

by the Abbe´s limitation of 200 nm, which is considerably below the resolution capacity 

needed for precise visualization of microtubule organization. Numerous super-resolution 

techniques were developed to avoid the Abbe´s limit and they can be generally divided 

into two groups – the SIM and nanoscopy (reviewed in Komis et al. 2018b; Schermelleh 

et al. 2019). 

Within the group of light microscopy techniques referred to as nanoscopy belong 

deterministic approaches limiting emission to subdiffraction size (notably stimulated 

emission depletion microscopy) and stochastic approaches precisely detecting single 

fluorophores, also referred to as single molecule localization microscopy methods (e.g. 

stochastic optical reconstruction microscopy, photoactivation localization microscopy). 

While the nanoscopy techniques offer possibilities for a substantial decrease 

in the resolution levels down to 20 nm (Schermelleh et al. 2019), they do so at the cost of 

high irradiation intensity, specific requirements regarding the sample preparation, and, 

in the case of stochastic approaches, lengthy acquisition time. This tradeoff is acceptable 

for fixed samples, but it is disadvantageous for live cell imaging. Therefore, the use of 

nanoscopy in live cells remains limited (Sauer and Heilemann 2017; Takakura et al. 

2017), especially in plant biology (reviewed in Komis et al. 2015; Schubert 2017).  
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As the classical nanoscopy techniques were deemed inconvenient for live cell 

imaging, the SIM was more frequently employed (Schubert 2017). Even though its spatial 

resolution is significantly worse compared to nanoscopy approaches, it is still capable of 

exceeding the Abbe´s limit, theoretically reaching 100 nm resolution (Komis et al. 2015). 

Furthermore, it provides better conditions for live cell imaging, most importantly 

the relatively high speed of image acquisition. The SIM scanning extends over a larger 

field of view compared to other super-resolution methods. Apart from lower resolution, 

the biggest disadvantage of the SIM is its reliance upon mathematical post-processing, 

which may lead to reconstruction artifacts (Komis et al. 2015; Demmerle et al. 2017). 

 The SIM has lower phototoxicity compared to other super-resolution techniques, 

but even these levels are burdensome for certain types of fluorescent labels. Lower 

phototoxicity is the main feature of the CLSM. However, the CLSM used to be rejected 

for live cell imaging of cytoskeleton, due to the length of acquisition time. This has been 

changed with the development of both scanning principles and robust deconvolution 

strategies, resulting in improving the resolution capacity of confocal systems (Müller and 

Enderlein 2010; Luca et al. 2013; York et al. 2013). One of the commercially available 

improved confocal system is the ACLSM using the Airyscan detector (Huff 2016).  

 Both SIM and ACLSM platforms have been shown to faithfully visualize 

organization and dynamics or microtubules (Komis et al. 2014) or microtubule associated 

proteins (Herrmann et al. 2018), respectively. The SIM should provide better resolution 

and higher signal-to-noise ratio, however, the SIM and the ACLSM have not been directly 

compared. In this study, the resolution capacity of the SIM and the ACLSM was evaluated 

by visualizing cortical microtubules in Arabidopsis lines stably expressing fluorescently 

labeled tubulin. From the acquired images, the FWHM was calculated as a parameter 

describing the resolution capacity of the respective platform. In both the SIM and 

the ACSLM, the objectives used for this experiment had the same magnification and 

numerical aperture, yet the resolution reached by the SIM platform exceeded that of 

the ACLSM. The resolution capacity of the SIM measured in these experiments 

corresponds to previously published data (Komis et al. 2014). 

This study reports on the visualization of fluorescently labeled MAP65-2 which 

is expressed under native promoter and the fluorescent protein is fused with the N-

terminal sequence of MAP65-2. Therefore, the binding to microtubules is not affected 

and the proper function and localization of the resulting chimeric protein is secured. This 

is supported by the lack of differences in the organization and dynamics of MAP65-2 
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compared to previously published studies (Lucas et al. 2011). Even though the constructs 

carrying genes encoding the fluorescently-labelled MAP65-2 were used for 

transformation of wild type plants, no growth or morphological defects were noted, 

especially the traits previously described for map65-1 map65-2 double mutants (Lucas et 

al. 2011; Lucas and Shaw 2012). 

Despite the SIM platform outperforming the ACLSM in resolving microtubules 

and MAP65s, a major disadvantage of this platform is high phototoxicity, which leads to 

progressive photobleaching and cell damage especially during long-term acquisition. 

Although the GFP-labelled proteins were not particularly affected by photobleaching, 

the phototoxicity of the SIM proved to be exceedingly intense for tagRFP-labelled 

proteins. Thus, the colocalization of GFP- and tagRFP-labelled proteins was severely 

impaired. Conversely, the ACLSM subjects samples to lower phototoxicity, which was 

reflected in the fact that during the simultaneous imaging of GFP- and tagRFP-labelled 

proteins were noted fewer issues concerning photobleaching. For this reason, the ACSLM 

proved to be a better choice for parallel imaging of two different fluorescent labels 

in living cells.  

For the colocalization studies, a superresolution fast mode of ACLSM was used 

allowing to simultaneously track the two channels at high acquisition speed (Huff 2016; 

Korobchevskaya et al. 2017). By parallel imaging of GFP-labelled microtubules and 

tagRFP-labelled MAP65-2, the relationship between MAP65-2 and cortical microtubules 

was assessed. The MAP65-2 was found to closely follow trends in the organization, which 

were previously described for cortical microtubules (Komis et al. 2014).  

The study of transverse profiles within areas where MAP65-2 and tubulin 

colocalize show that it is not possible to resolve the MAP65-2 crossbridge at 

the diffractions limits of SIM and ACLSM.  

 The dynamic changes in MAP65-2 localization tracked by the SIM were 

comparable to the end-wise dynamics of microtubules (Komis et al. 2014). Specifically, 

MAP65-2 exhibits periods of growth superseded by rapid retractions, which is mimicking 

the dynamic behaviour of the plus ends of cortical microtubules as was described 

previously (Lucas et al. 2011). Moreover, the dynamic changes in MAP65-2 localization 

were observed only at the ends of bundles, with no alterations within them. This supports 

the hypothesis of stable intrabundle crosslinking and the exclusively end-wise MAP65-2 

dynamics. 
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 When tracking the dynamics of MAP65-2, the SIM platform proved to be capable 

of discriminating dynamics between individual components of a complex bundle, as has 

been previously shown for GFP-labeled microtubules (Komis et al. 2014). By comparing 

the dynamic parameters measured for individual bundles and within complex bundles, 

no significant difference was found between the respective growth rates, however, 

the shrinkage rates in complex bundles were significantly smaller than shrinkage rates 

in individual bundles. Previously, MAP65-1 was found to have a more profound effect 

on stabilizing microtubules in larger bundles compared to the smaller ones (Stoppin-

Mellet et al. 2013). These two observations support the hypothesis that the complexity 

of microtubule bundles affects the efficiency of MAP65-1/2 executing their functions. 

 In conclusion, both the SIM and the ACLSM proved to be capable of fast imaging 

of fluorescently labelled cortical microtubules and MAP65-2 with better resolution 

compared to classical light microscopy. The SIM surpassed Airyscan in resolution 

capacity and provided the possibilities of fast tracking of dynamic changes in MAP65-2 

localization. The performance of SIM may be further improved in either increasing 

resolution or decreasing phototoxicity by adding other microscopy techniques into 

the platform, e.g. total internal reflection fluorescence (Vizcay-Barrena et al. 2011), 

LSFM (Chen et al. 2014), or spinning disc (Hayashi and Okada 2015). However, 

the setup of the SIM microscope used here did not enable simultaneous tracking of two 

different channels and its use lead to problems with phototoxicity affecting especially 

tagRFP-labelled proteins. 

Although the resolution reached by ACLSM is worse compared to the SIM, 

the setup used herein enabled fast simultaneous tracking of two channels and the issues 

with phototoxicity were less noticeable. Thus, the ACLSM has better potential for 

colocalization studies.  

 Nevertheless, both ACLSM and SIM do not reach the resolution levels needed 

for visualizing the mechanisms of the MAP65 functions. For this purpose, the methods 

of the single molecule localization microscopy might be used, as they provide higher 

resolution. Despite the technical specifications of these methods favouring fixed samples 

over living cells (e.g. Hosy et al. 2015), photoactivation localization microscopy and 

stochastic optical reconstruction microscopy have been applied to live cell imaging in 

plants (Durst et al. 2014; Schubert and Weisshart 2015). The recent development of 

software-based superresolution methods (Dertinger et al. 2009; Cox et al. 2012; 

Gustafsson et al. 2016) offers employing the fluorophores conventionally used in live cell 
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imaging in single molecule localization microscopy techniques, thus, increasing the 

potential of these methods for live cell imaging in plants. 

 Previously, the localization of MAP65-2 and MAP65-3 at mitotic microtubule 

arrays was shown (Müller et al. 2004; Caillaud et al. 2008; Lucas et al. 2011). To confirm 

this observation, LSFM was used for mesoscopic observation of growing roots 

of Arabidopsis lines expressing either fluorescently labeled microtubules and MAP65-2, 

or fluorescently labeled MAP65-2 and MAP65-3. The LSFM was chosen as even though 

its resolution is not remarkable, it provides superior conditions for long-term 

developmental live cell imaging (Ovečka et al. 2015; von Wangenheim et al. 2017a). 

By observing the growing roots of these lines, many cell divisions were observed and 

the fluorescently labelled MAP65-2 and MAP65-3 were proven to colocalize with mitotic 

structures. The localization pattern of MAP65-2/3 was then confirmed by high-resolution 

observations on the SIM platform. 

Herein is presented the localization of MAP65-2 at the preprophase band, which 

is also true for MAP65-1 (Smertenko et al. 2004). The presence of MAP65-2 was also 

documented in the phragmoplast, which is in line with previous observations (Lucas and 

Shaw 2012). While the immunolabelling displayed MAP65-1 signal more restricted to 

the phragmoplast midzone compared to the live cell imaging studies (Smertenko et al. 

2006; Ho et al. 2012), the results presented here support the previous observations that 

MAP65-2 colocalize with microtubules in the entire phragmoplast (Lucas and Shaw 

2012). 

The localization pattern of MAP65-3 was previously explored 

by immunolabeling, according to which this protein colocalizes only with 

the preprophase band and phragmoplast and there is no specific signal detected 

in the interphase and metaphase (Müller et al. 2004; Ho et al. 2012). Conversely, 

a live cell imaging study reported observation of the MAP65-3-GFP signal throughout 

the entire cell cycle (Caillaud et al. 2008). In this study, the eGFP-MAP65-3 signal was 

detected in the preprophase band and phragmoplast only, corroborating the results of 

previous immunolabelling studies (Müller et al. 2004). The different outcome of the two 

live cell imaging experiments (Caillaud et al. 2008; this study) is most probably caused 

by the used of different protein fusions. While the protein fusions do not differ 

significantly in the fluorescent protein nor the length of the promoter region integrated 

into the final construct, the major difference is that the previous study used C-terminal 

GFP fusion of MAP65-3 (MAP65-3-GFP; Caillaud et al. 2008), while in this study was 
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used an N-terminal eGFP fusion of MAP65-3 (eGFP-MAP65-3). The N-terminal domain 

of MAP65-3 is a place of dimerization between MAP65-3 molecules, therefore, the fusion 

of GFP at the N-terminus should not affect the microtubule-binding activity of MAP65-

3. Moreover, this domain has a relatively high sequence homology to the N-terminal 

domains of other Arabidopsis MAP65s (Fig. 4A). The other part of the MAP65-3 closer 

to the C-terminus consists of the spectrin-fold domain containing tubulin binding sites 

and the C-terminal variable domain (Smertenko et al. 2004). True to its name, the C-

terminal variable domain is the place of the least sequence homology within 

the Arabidopsis MAP65 proteins (Fig. 4C). As it has high variability within the MAP65 

proteins, it is reasonable to argue that its function is related to the differential subcellular 

localization of MAP65s, which was indeed proved for both MAP65-1 (Smertenko et al. 

2006) and MAP65-3 (Ho et al. 2012). Thus, the C-terminal GFP fusion of MAP65-3 does 

not reliably report on the subcellular localization of MAP65-3 protein, and this reasoning 

also supports the results of immunolabelling of MAP65-3 (Müller et al. 2004; Ho et al. 

2012) and live cell imaging of N-terminal GFP fusion of MAP65-3 presented here. 

Herein, the MAP65-3 was found to colocalize with MAP65-2 at the preprophase 

band. MAP65-3 appeared to have different localization patterns in the phragmoplast, as 

it was detected in the phragmoplast midzone, whereas MAP65-2 was observed within 

the whole phragmoplast with a weaker signal in phragmoplast midzone. This is in contrast 

with previously published study (Ho et al. 2012), where MAP65-1 and MAP65-3 were 

described to be both localized within the phragmoplast midzone. This is probably a result 

of immunolabelling rather than a true reflection of MAP65s localization pattern 

in the phragmoplast because this pattern was always observed only in immunolabelled 

samples of MAP65-1 (Smertenko et al. 2006; Ho et al. 2012), but pattern similar to that 

presented here was previously presented for both MAP65-1 and MAP65-2 in live cell 

imaging experiment (Lucas and Shaw 2012). 

Since it was not possible to colocalize MAP65-2, MAP65-3, and microtubules 

together by means of live cell imaging, immunolabelling was used instead. This approach 

confirmed the assumptions from live cell imaging and verified the similar but non-

overlapping subcellular localization of MAP65-2 and MAP65-3 at the preprophase band, 

as well as their absence from metaphase spindle. It also proved their differential 

subcellular localization at the phragmoplast.  

In conclusion, the success of live cell imaging stems from the careful design 

of fusion proteins and the choice of the microscopic platforms, where there is always 
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a tradeoff between resolution capacity and phototoxicity. Currently, this limits 

the possibilities of detailed long-term colocalization studies, which may be alleviated 

with improving microscopic techniques (von Wangenheim et al. 2017b). In this study, 

the immunolabelling proved to be a valuable tool for confirming the observations from 

live cell imaging.  

The high sequence similarity of MAP65-1 and MAP65-2 and their practically 

identical localization patterns signify their functional redundancy. Both of these proteins 

stabilize microtubule bundles during interphase and in mitotic microtubule arrays and 

their binding to microtubules is dictated by their phosphorylation status (Smertenko et al. 

2006). In this way, the regulators upstream of MAP65s, e.g. MPKs (Smékalová et al. 

2014), are truly controlling microtubule stabilization by MAP65s, and the role of 

MAP65s in the cell division plane orientation would be integrating different signalling 

events by being phosphorylated or dephosphorylated at multiple phosphorylation sites 

which are present in their sequences (Smertenko et al. 2006; Kirik et al. 2012).  

On the other hand, MAP65-3 colocalizes only with the preprophase band and 

phragmoplast, granting it more exclusive roles during the cell division. This is supported 

by findings of MAP65-3 associating with kinesins involved in the recruitment of proteins 

to the cortical division zone (KIN12d; Herrmann et al. 2018), and in the phragmoplast 

formation (KIN10a, KIN12a; Ho et al. 2011). This suggests that MAP65s are not only 

passively executing regulation of microtubule organization and dynamics, but they might 

influence these processes more actively. It is an intriguing question, especially because 

individual members of the MAP65 protein family possibly have different competence 

in regulating the assembly, maintenance, and disassembly of microtubule arrays. Another 

challenge for future studies will be finding out whether the functions of MAP65s are 

universal for all types of tissues and developmental stages, or whether certain members 

of MAP65 protein family have distinct roles during specific developmental events.  
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5. Conclusions 
This thesis was focused on the role of mitogen activated protein kinases (MPK) in the cell 

division plane orientation in the context of plant development. Apart from characterizing 

the involvement of YODA-MPK3/6 pathway in formative cell divisions, potential 

interaction between this cascade and protein phosphatase 2A (PP2A) and heat shock 

proteins 90 (HSP90s) was assessed in the model plant Arabidopsis thaliana. 

 The putative interaction between PP2A and members of the YODA-MPK3/6 

cascade is presented in the first part of this thesis. Since PP2A is a multiprotein complex, 

two subunits were chosen for the experiments, regulatory subunit TONNEAU 2 (TON2 

and a scaffolding subunit ROOTS CURL IN NAPHTYLAMINOACID 1 (RCN1). Both 

pharmacological and genetic depletion of PP2A in mpk3, mpk6 loss-of-function mutants 

proved that PP2A and YODA-MPK3/6 work together in a common pathway, which 

affects the cell division plane orientation in the primary root tip. The direct interaction 

between PP2A and YDA, MPK3 was confirmed by in vitro protein-protein interaction 

assays. Next, the phosphorylated protein levels of MPK3, MPK6 were found to be altered 

in rcn1 loss-of-function mutant, supporting the hypothesis of PP2A regulating MPK3/6. 

The embryonic development in mpk3, mpk6, rcn1 and ton2 mutants was examined and 

all these mutants were found to have defects in the cell division plane orientation in early 

embryogenesis. During early embryogenesis, the members of the WUCHSEL-

RELATED HOMEOBOX PROTEIN (WOX) family and auxin are necessary for proper 

specification of the apical-basal axis and for the cell fate determination. The expression 

of WOX8 and the distribution of auxin maxima was found to be affected in mpk3, mpk6, 

rcn1 and ton2 mutants.  

 In the second part of this thesis was investigated, whether HSP90s modulate 

the YODA-MPK3/6 signalling pathway during embryogenesis. This hypothesis is 

supported by the observation that genetic depletion of HSP90s rescues the cell division 

plane orientation defects present in embryos of yda loss-of-function and gain-of-function 

mutants. Furthermore, the WOX8 expression and auxin maxima distribution are altered 

in yda and hsp90 mutants suggesting that HSP90s fine-tune the signalling in early 

embryonic development. 

 The third part of this thesis was dedicated to advanced microscopy techniques 

used for describing the organization and dynamics of MICROTUBULE ASSOCIATED 

PROTEINs 65 (MAP65s) and their colocalization with microtubules. For the live cell 
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imaging, the light sheet microscopy, Airyscan laser scanning microscopy and structured 

illumination microscopy were used. These platforms were compared regarding their 

resolution capacity and phototoxicity, and their applicability for specific tasks in live cell 

imaging was discussed. Lastly, for colocalization studies of three proteins, MAP65-2, 

MAP65-3 and tubulin, the immunolocalization was used.  

 These results enhance the understanding of the role of MPKs in formative cell 

divisions. Moreover, two factors were shown to affect the signalling of the YODA-

MPK3/6 pathway during plant development, namely PP2A and HSP90s. Currently, 

the exact role of HSP90s in plant embryonic development is undisclosed, yet the results 

presented here suggest that it modulates embryogenesis through the YODA-MPK3/6 

pathway. On the other hand, PP2A is expected to regulate the phosphorylation status of 

MPK3/6, which would explain the observations presented here. This should be verified 

in future studies. For answering these questions, together with other issues related to the 

cell division plane orientation, in planta experiments will be necessary. For these studies, 

the advanced microscopy techniques, which are discussed in this thesis, might be 

employed. 
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7. Abbreviations 
 

3AT 3-amino-1,2,4-triazole 

ACD asymmetric cell division 
AIR9 AUXIN INDUCED IN ROOT CULTURES PROTEIN 9 
ANP ARABIDOPSIS NUCLEUS AND PHRAGMOPLAST-LOCALIZED 

KINASE 
AP2C3 ARABIDOPSIS PROTEIN PHOSPHATASE 2C 3   
Ase1p Anaphase spindle elongation 1 protein 
AUR AURORA KINASE   
BASL BREAKING OF ASYMMETRY IN STOMATAL LINEAGE   
BDL BODENLOS 
BIN2 BRASSINOSTEROID INSENSITIVE 2   
BSA bovine serum albumin 
CDK CYCLIN DEPENDENT KINASE 

CLASP CLIP-ASSOCIATED PROTEIN   

CLSM confocal laser scanning microscope 

• ACLSM CLSM equipped with Airyscan 

CTR cantharidin 

DAG days after germination 

DAPI 4',6-diamidino-2-phenylindole dihydrochloride 

DIC differential interference contrast 

EB1 END BINDING 1 

EPF EPIDERMAL PATTERNING FACTOR 

ER ERECTA 

ERL ERECTA-LIKE PROTEIN 

ESF1 EMBRYO SURROUNDING FACTOR 1 

FWHM full-width at half maximum 

GRD GROUNDED 

HDG HOMEODOMAIN GLABROUS 

HSP90 HEAT SHOCK PROTEIN 90  

KAT KATANIN   

KIN KINESIN-RELATED PROTEIN 

LSFM light-sheet fluorescence microscopy 
MAP65 MICROTUBULE ASSOCIATED PROTEIN 65 

MKP1 MAPK PHOSPHATASE 1   

MOR1 MICROTUBULE ORGANIZING 1   

MP MONOPTEROUS 

MPK MITOGEN ACTIVATED PROTEIN KINASE 

• pMPK phosphorylated MPK 

• MKK MITOGEN ACTIVATED PROTEIN KINASE KINASE 

• MKKK MITOGEN ACTIVATED PROTEIN KINASE KINASE KINASE 

MTSB microtubule stabilizing buffer 

NEKs NIMA-RELATED KINASEs 

PBS phosphate buffered saline 

POLAR POLAR LOCALIZATION DURING ASYMMETRIC DIVISION AND 

REDISTRIBUTION  

PP PROTEIN PHOSPHATASE 

PP2A PROTEIN PHOSPHATASE 2A 

PP2C PROTEIN PHOSPHATASE 2C 

PRC1 PROTEIN REGULATOR OF CYTOKINESIS 1 

pTEpY anti-phospho-Thr-Glu-phospho-Tyr 

RCN1 ROOTS CURL IN NAPHTYLAMINOACID 1 
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RNAi RNA interference 
SD Synthetic Dropout 

SERK SOMATIC EMBRYOGENESIS RECEPTOR KINASE 
SIM structured illumination microscopy 
SPCH SPEECHLESS 
SSP SHORT SUSPENSOR 
TBS-T tris-buffered saline buffer suplemented with Tween 20 
TIO TWO-IN-ONE   
TMM TOO MANY MOUTH 
TON TONNEAU 
TPX2 TARGETING PROTEIN FOR XKLP2 
TRM TON1 RECRUITING MOTIF PROTEIN  
WOX WUCHSEL-RELATED HOMEOBOX PROTEIN  
WRKY2 WRKY DNA-BINDING PROTEIN 2  
YDA YODA 
ZAR1 ZYGOTE ARREST 1 

 

 

  



155 
 

8. Supplementary Data 
 

Supplementary Figures and Supplementary Tables 

Figure S1. Uncropped pictures of Western blot analyses illustrated in Fig. 17. 

Table S1. Statistical tests for Fig. 12. 

Table S2. Statistical tests for Fig. 13. 

Table S3. Statistical tests for Fig. 22C. 

Table S4. Statistical tests for Fig. 43. 
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Figure S1. Uncropped pictures of Western blot analyses illustrated in Fig. 17. (A-D) 

uncropped images showed in Fig. 17. Primary antibodies were used against MPK3 (A), MPK6 

(B), phosphorylated MPK3 (grey arrowhead) and MPK6 (black arrowhead) (C), and β-tubulin 

(D). Loaded samples: (1, 3, 5, 7, 9, 11) Col-0, (2, 4, 6, 8, 10, 12) rcn1-6; (1, 2) whole plants, 

14 days after germination (DAG); (3, 4) roots, 14 DAG; (5, 6) shoots, 14 DAG; (7, 8) rosettes, 

21 DAG; (9, 10) flowers; (11, 12) siliques, 6 days after pollination. Protein levels were 

visualized by Stain-Free™ technology; arrowheads point to detected proteins; black boxes 

mark areas shown in Fig. 17. Next to every image of a membrane is shown corresponding 

protein standard marking protein sizes. 
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Table S3. Statistical tests for Fig. 22C. 

 

Welch's ANOVA followed by Tukey's honestly significant difference test corrected for 

unequal sample size; F (4, N=490)=111.9271, p=0.000 

p-values for indicated genotypes wild type rcn1-6 mpk3-1 mpk6-2 mpk6AEF 

wild type  0.0000 0.8006 0.0000 0.0000 

rcn1-6 0.0000  0.0000 0.0000 0.9999 

mpk3-1 0.8006 0.0000  0.0000 0.0000 

mpk6-2 0.0000 0.0000 0.0000  0.0000 

mpk6AEF 0.0000 0.9999 0.0000 0.0000  

 

 

Table S4: Statistical tests for Fig. 43. 

 

Kruskal-Wallis test for comparing full-width at half maximum (FWHM) reached for 

different lines by Airyscan confocal laser scanning microscopy (ACLSM) or 

structured illumination microscopy (SIM); H (3, N=161)=83.6043, p=0.0000 

line; platform TUA6-GFP; 

ACLSM 

eGFP-

MAP65-2; 

ACLSM 

TUA6-GFP; 

SIM 

eGFP-

MAP65-2; 

SIM 

TUA6-GFP; ACLSM  1.0000 0.0000 0.0000 

eGFP-MAP65-2; ACLSM 1.0000  0.0000 0.0000 

TUA6-GFP; SIM 0.0000 0.0000  0.4383 

eGFP-MAP65-2; SIM 0.0000 0.0000 0.4383  

H (3, N=165)=110.0558 p=0.000 

line; platform eGFP-

MAP65-2; 

ACLSM 

tagRFP-

MAP65-2; 

ACLSM 

eGFP-

MAP65-2; 

SIM 

tagRFP-

MAP65-2; 

SIM 

GFP-MAP65-2; ACLSM  1.0000 0.0000 0.0000 

tagRFP-MAP65-2; 

ACLSM 
1.0000  0.0000 0.0000 

GFP-MAP65-2; SIM 0.0000 0.0000  1.0000 

tagRFP-MAP65-2; SIM 0.0000 0.0000 1.0000  
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Microtubule bundling is an essential mechanism underlying the biased organization
of interphase and mitotic microtubular systems of eukaryotes in ordered arrays.
Microtubule bundle formation can be exemplified in plants, where the formation
of parallel microtubule systems in the cell cortex or the spindle midzone is
largely owing to the microtubule crosslinking activity of a family of microtubule
associated proteins, designated as MAP65s. Among the nine members of this family
in Arabidopsis thaliana, MAP65-1 and MAP65-2 are ubiquitous and functionally
redundant. Crosslinked microtubules can form high-order arrays, which are difficult
to track using widefield or confocal laser scanning microscopy approaches. Here,
we followed spatiotemporal patterns of MAP65-2 localization in hypocotyl cells of
Arabidopsis stably expressing fluorescent protein fusions of MAP65-2 and tubulin.
To circumvent imaging difficulties arising from the density of cortical microtubule
bundles, we use different superresolution approaches including Airyscan confocal
laser scanning microscopy (ACLSM), structured illumination microscopy (SIM), total
internal reflection SIM (TIRF-SIM), and photoactivation localization microscopy (PALM).
We provide insights into spatiotemporal relations between microtubules and MAP65-
2 crossbridges by combining SIM and ACLSM. We obtain further details on
MAP65-2 distribution by single molecule localization microscopy (SMLM) imaging of
either mEos3.2-MAP65-2 stochastic photoconversion, or eGFP-MAP65-2 stochastic
emission fluctuations under specific illumination conditions. Time-dependent dynamics
of MAP65-2 were tracked at variable time resolution using SIM, TIRF-SIM, and
ACLSM and post-acquisition kymograph analysis. ACLSM imaging further allowed to
track end-wise dynamics of microtubules labeled with TUA6-GFP and to correlate
them with concomitant fluctuations of MAP65-2 tagged with tagRFP. All different
microscopy modules examined herein are accompanied by restrictions in either the
spatial resolution achieved, or in the frame rates of image acquisition. PALM imaging
is compromised by speed of acquisition. This limitation was partially compensated by
exploiting emission fluctuations of eGFP which allowed much higher photon counts at
substantially smaller time series compared to mEos3.2. SIM, TIRF-SIM, and ACLSM
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were the methods of choice to follow the dynamics of MAP65-2 in bundles of different
complexity. Conclusively, the combination of different superresolution methods allowed
for inferences on the distribution and dynamics of MAP65-2 within microtubule bundles
of living A. thaliana cells.

Keywords: Airyscan confocal laser scanning microscopy, microtubule associated proteins, microtubules,
photoactivation localization microscopy, photoconvertible protein, single molecule localization microscopy,
structured illumination microscopy

INTRODUCTION

Microtubules are essential components of the plant cytoskeleton
and are crucial for fundamental cellular functions, including
cell division, growth and morphogenesis (reviewed in Panteris
and Galatis, 2005; Yamada and Goshima, 2017; Eng and
Sampathkumar, 2018; Lazzaro et al., 2018; Sapala et al.,
2018). Higher plants are devoid of a structurally discernible
microtubule organizing center (MTOC), therefore formation
and organization of plant-unique microtubule arrays, such
as the interphase cortical system, the premitotic preprophase
microtubule band, the acentrosomal mitotic spindle and
the cytokinetic phragmoplast, rely on interactions between
microtubules and several microtubule associated proteins
(MAPs) with diverse functions (Bannigan et al., 2008; Müller
et al., 2009; Lee and Liu, 2013; Buschmann and Zachgo, 2016;
Smertenko, 2018).

Such proteins are involved in the spatiotemporal control of
microtubule nucleation (e.g., Walia et al., 2014; Nakamura, 2015;
Tian and Kong, 2019), the regulation of end-wise microtubule
dynamics (e.g., Nakamura et al., 2018; Lindeboom et al., 2019),
microtubule clearance via severing (e.g., Nakamura et al., 2010;
Tulin et al., 2012; Deinum et al., 2017; Wang et al., 2018), the
formation of higher order microtubule assemblies via physical
microtubule crosslinking (e.g., Ma et al., 2016; Molines et al.,
2018; Burkart and Dixit, 2019), or the adjustment of microtubule
positioning by different microtubule-dependent motor activities
(e.g., Zhu et al., 2015; Oda, 2018). A particular group of proteins
associated with microtubules, are those with dual affinity for
both the microtubule and the actin filament surface (reviewed
in Schneider and Persson, 2015; Krtková et al., 2016). Notable
examples include members of the plant FORMIN family (e.g.,
Sun et al., 2017; Wu and Bezanilla, 2018; Kollárová et al., 2020),
members of the ARP2/3 actin nucleation complex (Havelková
et al., 2015) and motor proteins of either the kinesin or the
myosin superfamilies (e.g., Schneider and Persson, 2015). In
this respect kinesins with calponin homology domains such as
tobacco KCH1 or cotton KCH2 (e.g., Xu et al., 2009; Buschmann
et al., 2010), were found to bind to both cytoskeletal filaments
and especially in the case of KCH2, to crosslink actin and
microtubules (Xu et al., 2009). Likewise, some plant myosins have
been found to colocalize with microtubular structures, such as
the mitotic spindle (e.g., Sun et al., 2018 for MYOSIN XI) or
to directly interact with microtubules (Wu and Bezanilla, 2014
for MYOSIN VIII).

The plant interphase cortical array is a widespread
microtubule system lying at the close vicinity of the plasma

membrane, and it is intimately associated with cell growth
and differentiation (Elliott and Shaw, 2018b). It can promptly
reorganize in response to physical (reviewed in Lindeboom
et al., 2013; Nakamura, 2015; Hamant et al., 2019), or hormonal
(Vineyard et al., 2013; Elliott and Shaw, 2018a; Adamowski et al.,
2019; True and Shaw, 2020) signals, in order to redefine cell
growth directionality by blueprinting the orientation of cellulose
deposition in the overlying cell wall (Chen et al., 2016).

The directional growth of plant cells requires cortical
microtubules of uniform orientation. At large, this is achieved
through microtubule interactions mediated by MAPs. Symmetry
breaking in the cortical array arises from several different
mechanisms, which include the spatial control of microtubule
nucleation (Lindeboom et al., 2013), or microtubule severing
(reviewed in Luptovčiak et al., 2017), the tight regulation
of plus-end (Galva et al., 2014; Lindeboom et al., 2019), or
minus-end (Nakamura et al., 2018) stability and dynamics,
and the bundling or elimination of microtubules that
encounter each other during their end-wise dynamic length
fluctuations (Dixit and Cyr, 2004; Wightman and Turner, 2007;
Zhang et al., 2013).

Based on the angle of contact, microtubule encounters may
have either a constructive, or destructive outcome, leading to
sustained microtubule growth at the preferred orientation, or
initiating a catastrophe event eliminating microtubules of the
unfavorable orientation (Wightman and Turner, 2007; Zhang
et al., 2013). The outcome of microtubule convergence depends
on the angle of encounter (Chi and Ambrose, 2016). If the
angle is greater than 40◦, the encounter results in either
a catastrophe (a rapid shrinkage initiated at the tip of the
microtubule that touches the lattice of another), or a crossover,
where katanin-mediated severing may selectively occur and
cleave one of the two microtubules (Wightman and Turner,
2007; Zhang et al., 2013). When the angle of encounter is
less than 40◦, the microtubules tend to co-align and bundle
(Dixit and Cyr, 2004) by means of physical crosslinking via
MAPs, leading eventually to the formation of a biased array with
predominant orientation and parallel microtubule arrangement
(van Damme et al., 2004).

From in vitro studies based on MAP65-1, it was shown
that it can exist in a monomeric state capable of coating
individual microtubules, being able to dimerize in a “zippering”
process and construct 25 nm cross bridges when two antiparallel
microtubules come in close contact (Gaillard et al., 2008;
Tulin et al., 2012). In sharp contrast, the human MAP65
homolog PRC1 (Protein Regulator of Cytokinesis 1) and
likewise the fission yeast homolog Ase1p (Anaphase spindle
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elongation 1), form obligate dimers or homotetramers. In
this case, formation of cross bridge depends on the flexibility
of the oligomeric molecule, which assumes a rigid structure
when confined in the overlap of two antiparallel microtubules
(Subramanian et al., 2010).

Regardless of the mechanisms leading to their crosslinking,
microtubule bundling is essential for the building of universal
microtubule systems, such as the premitotic preprophase
microtubule band and the interzonal telophase system. Moreover,
the coalescence of adjacent microtubules to tight bundles was
shown to be related to the morphogenesis of particular cell types
with unique cell wall patterning such as differentiating tracheary
(Mao, 2006; Pesquet et al., 2010; Derbyshire et al., 2015) and
protoxylem elements (Schneider et al., 2020).

Apart from such developmental processes, environmental
factors and hormones also induce symmetry breaking in the
cortical array (e.g., Elliott and Shaw, 2018b; True and Shaw,
2020). Although katanin-mediated severing was already shown
to have a major contribution in the induction of uniform
microtubule orientation (e.g., Chen et al., 2014; Sassi et al., 2014;
reviewed in Luptovčiak et al., 2017), the role of bundling by
means of physical crosslinking of adjacent microtubules has not
been addressed extensively.

From the MAPs related to the formation of microtubule
bundles, the MAP65 family is the best characterized. Based
on transmission electron micrographs, MAP65 proteins
exemplified by MAP65-1 form 25 nm crossbridges between
adjacent antiparallel microtubules (Chan et al., 1999; Tulin
et al., 2012). Arabidopsis MAP65s bind to microtubules
via C-terminal domain-located binding sites, and their
function depends on the formation of homodimers via
their N-terminal domain (Smertenko et al., 2004). For
MAP65-1, MAP65-2, and MAP65-5, it has been shown
that they do not promote microtubule polymerization,
yet they slow down depolymerization rates (van Damme
et al., 2004; Lucas et al., 2011). Moreover, MAP65-1
was recently shown to prohibit katanin from binding to
microtubule bundles, thus protecting them from severing
(Burkart and Dixit, 2019).

In Arabidopsis, nine genes belonging to this family were
identified (Hussey et al., 2002), with different subcellular
localizations, expression patterns throughout cell cycle (van
Damme et al., 2004) and responses to in/activation during
cell cycle (Smertenko et al., 2006; Boruc et al., 2017).
Several MAP65s were observed to colocalize with mitotic
microtubule arrays, specifically MAP65-1 (Smertenko et al.,
2004), MAP65-2 (Lucas and Shaw, 2012), MAP65-3 (Caillaud
et al., 2008; Ho et al., 2012; Vavrdová et al., 2019b),
MAP65-4 (van Damme et al., 2004), MAP65-5 and MAP65-
6 (Smertenko et al., 2008), with some of them being involved
in the progression of mitosis (Beck et al., 2010, 2011;
Sasabe et al., 2011; Li et al., 2017; Vavrdová et al., 2019a).
Particularly in this case, the phosphorylation of MAP65s
at their C-terminal domain via MITOGEN ACTIVATED
PROTEIN KINASE 4 (MPK4) and MPK6 (Beck et al., 2010;
Kosetsu et al., 2010; Sasabe et al., 2011), cyclin dependent kinases
(Smertenko et al., 2006) and Aurora kinases, is a universal

negative regulation of their affinity for the microtubule surface
(reviewed in Komis et al., 2011; Vavrdová et al., 2019a).
More importantly, MAP65-1, MAP65-2 and MAP65-5 colocalize
with cortical microtubules (van Damme et al., 2004; Lucas
et al., 2011). Owing to their functional redundancy, co-
expression and spatiotemporal colocalization (Lucas and Shaw,
2012), single mutants of either MAP65-1 or MAP65-2 do not
show a discernible phenotype. However, in double map65-1
map65-2 mutants an overall growth retardation was observed
(Lucas et al., 2011).

Microtubule bundles represent a crowded environment
hindering the possibilities to track the dynamic behavior of
individual components with diffraction limited microscopy
approaches. In a previous study, we demonstrated the
capacity of structured illumination microscopy (SIM) to
delineate the microtubule content of complex bundles
in the cell cortex, and within the limitations of the
method, to record dynamics of individual microtubules
at accepted frame rates (Komis et al., 2014). In the
present study, we extend this paradigm to follow the
distribution and the dynamics of a universal microtubule
crosslinking MAP, either alone or in parallel, to appropriately
labeled microtubules.

For this reason, we employ different superresolution
microscopy methods to extrapolate information on the
organization and the dynamics of MAP65-2 in living
A. thaliana hypocotyl epidermal cells, expressing appropriate
fluorescent protein markers. We use Airyscan confocal
laser scanning microscopy (ACLSM) and 2D SIM to obtain
high resolution images of fluorescently labeled MAP65-
2 and its association with cortical microtubule bundles.
Dynamic properties of MAP65-2 are deciphered at different
time scales using ACLSM, 2D SIM and total internal
reflection (TIRF) SIM. Finally, the specific arrangement
of MAP65-2 molecules is approached by single molecule
photoactivation localization microscopy (PALM) from
either the stochastic photoconversion of a mEos3.2-MAP65-
2 molecular marker, or by calculating stochastic optical
fluctuations of an eGFP-MAP65-2 fusion protein under specific
illumination conditions.

MATERIALS AND METHODS

Plant Material
Arabidopsis thaliana (L.) was used for all experiments
presented herein. Stably transformed Arabidopsis lines
carrying proMAP65-2:eGFP:MAP65-2, proMAP65-
2:tagRFP:MAP65-2, and proMAP65-2:mEos3.2:MAP65-2
constructs, were prepared in a wild type ecotype Columbia
(Col-0) background. Other Arabidopsis lines were
stably transformed with proCaMV35S:TUA6:GFP or
proUBQ1:mRFP:TUB6 constructs and for colocalization
purposes such lines were crossed with plants expressing
appropriate MAP65-2 markers. Plants were grown on
Phytagel (Sigma, Czechia) solidified half-strength Murashige–
Skoog (1/2 MS) medium supplemented with 1% (w/v)
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sucrose and under controlled environmental conditions
(Beck et al., 2010).

Transgenic Plant Construction
Constructs for N-terminal fluorescent protein fusions of MAP65-
2 were prepared using binary vector pGWB502link (Vavrdová
et al., 2019b), a modified version of original destination vector
pGWB502 (Nakagawa et al., 2007). All primers used for
cloning are listed in Supplementary Table S1. PCR product
(2616 bp) corresponding to the native promoter region of
MAP65-2 gene was obtained using PCR with primers pMAP65-
2-F and pMAP65-2-R, which contain PacI and Acc65I restriction
site, respectively, and template genomic DNA isolated from
A. thaliana Col-0. This PCR product was double-digested with
PacI and Acc65I and ligated into vector pGWB502link, also
double-digested with PacI and Acc65I, to generate construct
pGWB502link-proMAP65-2. An open reading frame (ORF) of
MAP65-2 including stop codon was amplified from cDNA
(isolated from A. thaliana Col-0) using primers MAP65-
2cDNA-F and MAP65-2cDNA-R, which contain Acc65I and
BsiWI restriction site, respectively. PCR product encompassing
ORF of MAP65-2 was double-digested with Acc65I and BsiWI
and ligated into Acc65I digested pGWB502link-proMAP65-2
to generate construct proGWB502link-proMAP65-2:MAP65-2.
Acc65I and BsiWI are isocaudomers producing the same sticky
ends. Therefore, pGWB502link-pMAP65-2:MAP65-2 contains
only a single Acc65I restriction site in between pMAP65-
2 region and start codon of MAP65-2 ORF. Coding region
of EGFP was amplified with primers eGFP-F and eGFP-
R, whereas coding region of tagRFP was amplified with
primers tagRFP-F and tagRFP-R. All four primers contain a
single Acc65I restriction site near their 5′-end. In addition,
stop codon in the sequence of reverse primers is replaced
with in frame stretch of nucleotides coding for a linker
(EAAAK)3 (Werner et al., 2006), which interconnects fluorescent
protein tags with MAP65-2. PCR products containing coding
regions of EGFP and tagRFP were digested with Acc65I
and ligated into Acc65I digested pGWB502link-proMAP65-
2:MAP65-2 to generate constructs proMAP65-2:EGFP:MAP65-
2 and proMAP65-2:tagRFP:MAP65-2, respectively. To prepare
the construct proMAP65-2:mEos3.2:MAP65-2, coding sequence
of mEos3.2 (Zhang et al., 2012) was optimized for expression
in A. thaliana by GeneOptimizerTM software (Thermo Fisher
Scientific, United States) and synthetized by GeneArtTM (Thermo
Fisher Scientific, United States). In the 5′ to 3′ direction synthetic
mEos3.2 DNA fragment contains Acc65I restriction site upstream
of the start codon, codon optimized ORF of mEos3.2, DNA
sequence for (EAAAK)3 linker replacing stop codon and Acc65I
restriction site immediately following linker encoding sequence.
Synthetic mEos3.2 fragment was digested with Acc65I and
ligated into Acc65I digested construct pGWB502link-proMAP65-
2:MAP65-2. All prepared constructs were verified by Sanger
sequencing and used for the preparation of stably transformed
A. thaliana Col-0 ecotype transgenic plants as described before
(Vavrdová et al., 2019b).

Positive T1 seedlings (i.e., the first generation following
transformation) were selected either on the basis of antibiotic

resistance, or upon detection of fluorescence. Few positive
lines, showing similar fluorescence intensity, were chosen
for subsequent propagation for each construct. In the T3
generation of selection, at least one homozygous line showing
uniform fluorescence intensity was obtained for each construct.
Fluorescence intensity was inspected at the root apex at the
seedling stage, because the root apex is devoid of autofluorescence
in both channels used for the selection (green channel for eGFP-
MAP65-2, TUA6-GFP and unconverted mEos3.2-MAP65-2 and
red channel for mRFP-TUB6, tagRFP-MAP65-2 and converted
mEos3.2-MAP65-2). All the experiments were performed on T3
generation seedlings of one selected homozygous line for each
construct. Functionality of all constructs was deduced by the fact
that all transgenic seedlings, had no discernible phenotype and
during microscopy exhibited the expected localization patterns
of MAP65-2, either when visualized alone, or together with
appropriately labeled microtubules.

Sample Preparation
Seedlings grown for 3–4 days after germination were
selected according to the expression of constructs under an
epifluorescence microscope. Selected seedlings were transferred
on a microscopic slide (containing a spacer from double-sided
sticky tape) into liquid 1/2 MS medium, and after applying a
coverslip, parafilm was used to gently seal the sample at the
margins of the coverslip, in order to prevent evaporation of
medium and to stabilize samples for microscopic observation.
When the 100 × /1.57 NA oil-immersion objective was
used, samples were prepared within Attofluor cell chambers
(Invitrogen, United States) and sandwiched between a high-
precision and low-thickness-tolerance Nexterion round coverslip
(facing the objective; coverslip thickness (D) = 0.17± 0.003 mm,
diameter = 25 mm; Schott, Czech Republic; Komis et al., 2014,
2015), and a common 18 mm OD round coverslip of the same
thickness. For TIRF-SIM imaging, 3–4 days old seedlings were
secured in Attofluor cell chambers, embedded in 1% (w/v) low
gelling temperature agarose dissolved in liquid 1/2 MS medium.

Microscopy Setup and Acquisition
For this study, following microscopes were used: AxioObserver
LSM 880 with Airyscan (ACLSM; Carl Zeiss, Germany),
AxioImager Z.1 equipped with the Elyra PS.1 superresolution
system supporting the SIM and PALM/STORM module (Carl
Zeiss, Germany) and a custom built TIRF-SIM microscope
maintained in the Advanced Imaging Center of Janelia Research
Campus (Kner et al., 2009; Ashburn, United States). With the
ACLSM, either 40×/1.40 NA, or 63×/1.40 NA, oil-immersion,
Plan Apochromat objectives were used with appropriate oil
(Immersol 518F with refractive index of 1.518). Single photon
excitation laser lines were used throughout with the 488 nm
line for GFP excitation and 561 nm for mRFP and tagRFP
excitation. Appropriate beam splitters and emission fluorescence
filter blocks (BP420-480+BP495-550 for GFP detection and
BP495-550 + LP570 for mRFP and tagRFP detection) were used
in ACLSM and signal was detected by a 32 GaAsP detector with
fully opened pinhole. Samples were scanned with the super-
resolution mode of the ACLSM allowing optimum resolution
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for acquired single Z-stacks or time-lapsed 2D acquisitions.
Owing to the effective light-collecting capacity of the ACLSM
and the sensitivity of the GaAsP detector the laser power at
the excitation was set to a level not exceeding 2% of the range
available. Acquired data were analyzed with Zen 2014 software
(Blue Version; Carl Zeiss, Germany).

For SIM acquisitions with the Zeiss Elyra PS.1 platform,
either 63×/1.40 NA or 100×/1.57 NA, oil-immersion, Alpha
Plan Apochromat objectives were used with Immersol 518F
and Immersol HI (with refractive index of 1.66), respectively.
Samples were illuminated with a 488 nm laser line for eGFP
excitation and a 561 nm laser line for mRFP or tagRFP
excitation. For eGFP a BP495-575/LP750 filter was used while
for mRFP or tagRFP a BP570-620/LP750 was used. Recordings
were done using a PCO.Edge 5.5 sCMOS camera. For highest
resolution possible samples were illuminated with five rotations
and five phase steps, while for time lapsed imaging rotations
of the patterned light were restricted to three (Komis et al.,
2014, 2015). Reconstruction of SIM images and generation of
kymographs were done using Zen software with appropriate
licenses. The TIRF-SIM recordings were done with a custom
built system and house written software as previously published
(Kner et al., 2009). Owing to the setup of sample preparation we
obtained very stable recordings over periods between 10–30 min,
without loss of focus.

PALM localizations were performed on the dedicated Elyra
PS.1 microscopy platform. Photoconversion of the green emitter
form of mEos3.2 (excited with a 488 nm laser line and visualized
through a BP420-480/BP495-560/LP650 dual bandpass/longpass
filter) to the red emitter form, was done using a 405 nm
laser line and a 561 nm excitation line. For simultaneous
activation and excitation of the photoconverting form of mEos3.2
(i.e., molecules converting to the red emitter form), a BP420-
480/BP570-640/LP740 dual bandpass/longpass filter was used.
Photons were collected by the EM CCD sensor of an Andor iXon
897 Ultra camera without EM gain. Illumination of the sample
was done using either the Highly Inclined and Laminated Optical
Sheet regime (HILO; Tokunaga et al., 2008), or the ultra-high
power TIRF mode of the system. For improving precision of
localization, photons of stochastically photoconverting mEos3.2
molecules, were captured in time series experiments of 5,000 –
10,000 time points with exposure times ranging between 40 ms
and 80 ms. The readout was processed using the PALM module of
Zen software and since localization was done in 2D, overlapping
localizations were discarded. In the example given in the
appropriate section, results are presented both collectively and for
representative examples of individual localizations.

Occasionally, more conventional fluorophores such as GFP
and its variants, eGFP and YFP, may exhibit fluorescence intensity
fluctuations under special conditions of excitation at or out of
their nominal excitation wavelength (reviewed in Bagshaw and
Cherny, 2006). For example, eGFP was shown to blink at acidic
pH values when illuminated with a 405 nm laser (Haupts et al.,
1998) or it may exhibit oxidative photoconversion to a red emitter
following excitation with a 532 nm laser line (Sen et al., 2019). The
versatility of more conventional fluorophores in SMLM has led to
the development of unique methods including Stochastic Optical

Fluctuations Imaging (SOFI; Dertinger et al., 2009) or Bayesian
analysis of blinking and bleaching (3B; Cox et al., 2012) with a
very big potential to broaden SMLM applications in plants.

Optical fluctuations of eGFP, were recorded in a similar
way as described for mEos3.2, by illuminating the sample
simultaneously with the 405 nm and the 488 nm laser lines
of Elyra PS.1, using the BP420-480/BP495-560/LP650 dual
bandpass/longpass filter. The use of 405 nm illumination was
previously shown to promote emission fluctuations of eGFP and
was used accordingly (Marcus and Raulet, 2013). Better photon
counts were achieved under the ultra high power TIRF mode
compared to HILO illumination.

Image Processing and Quantitative
Analysis
Raw ACLSM and SIM images were acquired with Zen software.
Fluorescence intensity profiling was performed as described
previously (Komis et al., 2014). Briefly, intensity profiles were
measured directly in Zen software. Raw values were exported
to Microsoft Excel (Microsoft, United States), normalized to
a range between 0 and 1 and plotted against distance. These
scatterplots were used to measure full-width at half maximum
(FWHM) with Image J (Schneider et al., 2012). TIRF-SIM images
were obtained and processed with custom-written software (Kner
et al., 2009). In this case, fluorescence intensity profiles were
measured in Image J, then previously described workflow was
followed (Komis et al., 2014).

Similarly, for analysis of microtubule bundles and differential
distribution of MAP65-2 along microtubules, both perpendicular
and longitudinal fluorescence intensity profiles were done in Zen
software. Due to the fact that MAP65-2 decorates microtubules
in a discontinuous manner, for each perpendicular fluorescence
intensity measurement five profiles were drawn and their values
were averaged. Altogether, eight sets (consisting of measurements
of a bundle and two branches stemming from it) of perpendicular
profiles were made. After exporting raw values to Microsoft Excel,
data were normalized and plotted against distance.

Pearson’s (Dunn et al., 2011) and Manders’ (Manders
et al., 1992) correlation coefficients denoting the extend of
colocalization between tagged microtubules and MAP65-2
protein fusions, were automatically extrapolated by means of
the colocalization tool of the licensed version of Zen software.
Colocalizations were automatically thresholded according to
Costes (Costes et al., 2004).

From time-lapsed images taken by ACLSM and SIM,
kymographs were generated with the appropriate plugin of Zen
software (Blue version). For generating kymographs of TIRF-
SIM acquisitions, we instead used the Multi Kymograph plugin
of Image J1. Angles and distances needed for calculations were
measured in ImageJ. Parameters describing MAP65-2 dynamics
were calculated as described previously (Smal et al., 2010). Briefly,
growth rates were calculated by correcting the tangent values
of slopes corresponding to growth or shrinkage phases, with
the pixel size and the frame rate of each respective acquisition.
Measures deduced from kymographs included plus-end growth

1https://www.embl.de//eamnet/html/body_kymograph.html
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and shrinkage rates and catastrophe/rescue frequencies and time
spent in growth and shrinkage. Catastrophe rates were deduced
by dividing the sum of shrinkage onset events observed by the
total amount of time spent in growth (extension) phases, while
rescue frequencies were deduced by dividing the sum of growth
onset events observed by the total amount of time spent in
shrinkage (retraction) phases (Gardner et al., 2013; Kapoor et al.,
2019). Briefly the equations used in this case can be formulated as:

fcat =
Ncat

6tgrowth

for the calculation of catastrophe frequencies, where fcat is the
catastrophe frequency, Ncat is the total number of catastrophes
measured and 6tgrowth is the total time spent in growth, while
similarly the calculation of rescue frequency is based on the
formula:

fres =
Nres

6tshrinkage

where fres is the rescue frequency, Nres is the total number
of rescues measured and 6tshrinkage is the total time
spent in shrinkage.

Statistical Analysis
For statistical analysis, all datasets were first tested for normality
of data distribution by means of Shapiro–Wilk test. Based on
the results of Shapiro–Wilk test, either unpaired two-sample
t-tests or Mann–Whitney U tests were performed. All tests
were calculated in STATISTICA (version 13.4.0.14; Statsoft,
United States). Statistical significance was inferred according to
the calculated p-values.

RESULTS

Superresolution of MAP65-2 Decorating
Microtubules
The purpose of our study, was to report the fine structure of
microtubule bundles and track the organization and dynamics
of fluorescently tagged MAP65-2 within such bundles. We chose
for this purpose three methods, namely, ACLSM, widefield 2D
SIM and TIRF-SIM, which were initially characterized in terms of
spatial resolution at the settings used for time-lapsed imaging. As
previously mentioned, the quantitative measure in this case was
the FWHM of normalized fluorescence intensity linear profiles
encompassing the entire microtubule or MAP65-2 signal width.

When comparing the resolution of TUA6-GFP-labeled
individual microtubules visualized by means of ACLSM
(Figures 1A,B) or 2D SIM (Figures 1E,F), we found significant
differences especially after defining the FWHM of normalized
intensity profiles (Figures 1C,D cf. Figures 1G,H) using in both
cases a 63×/1.40 NA oil immersion objective. Quantitatively the
resolution of individual microtubules averaged at 186 ± 27 nm
(mean ± SD; N = 43, Figure 1D) with ACLSM and at
144 ± 25 nm (mean ± SD; N = 44, Figure 1H) with 2D SIM.
This difference is statistically significant (t-value = −7.1839;
p < 0.001). However the FWHM value reported for 2D SIM

was higher for the 63 × /1.40 NA objective than that reported
previously (Komis et al., 2014) owing to the use of lower Wiener
filter during image reconstruction to compensate for the lower
signal to noise ratio of the hypocotyl cells used herein.

As 2D SIM and TIRF-SIM were used for time lapsed
recordings of eGFP-MAP65-2, we compared their resolution
potential in cells expressing eGFP-MAP65-2 and referenced
them against ACLSM. In this case, eGFP-MAP65-2 decorated
microtubules were resolved by ACLSM (Figures 2A–C) at
177 ± 19 nm (FWHM of normalized intensity profiles;
mean ± SD; N = 36, Figure 2D). For 2D SIM (Figures 2E–
G) and TIRF-SIM (Figures 2I–K) the resolution of eGFP-
MAP65-2 decorated microtubules was considerably improved
(133 ± 20 nm; mean ± SD; N = 39, Figure 2H for
SIM; 130 ± 28 nm; mean ± SD; N = 55, Figure 2L
for TIRF-SIM). As denoted, 2D SIM and TIRF-SIM showed
significantly better resolution compared to ACLSM with either
TUA6-GFP (Figures 3A,E) or eGFP-MAP65-2 (Figures 3B,E),
without showing differences when compared to each other
(Figures 3B,E). Similarly, when comparing the resolution of the
two labeled structures, we did not find considerable difference
between them neither by ACLSM (Figures 3C,E) or by 2D SIM
(Figures 3D,E).

For dual channel visualization of both microtubules and
MAP65-2, it was necessary to analyze the resolution of red tags
for both microtubules (mRFP-TUB6; Supplementary Figures
S1A–C) and MAP65-2 (tagRFP-MAP65-2) when visualized
with both ACLSM and 2D SIM (Supplementary Figures
S1E–G for ACLSM and Supplementary Figures S1I–K for
2D SIM). The mRFP-TUB6-labeled microtubules were only
visualized with ACLSM and in this case they were resolved
at an average FWHM of 188.044 ± 19.93 nm (mean ± SD;
N = 35; Supplementary Figure S1D). Likewise, tagRFP-
MAP65-2 was resolved by ACLSM at an average FWHM of
176.115 ± 18.08 nm (mean ± SD; N = 47; Supplementary
Figure S1H) while the respective resolution by 2D SIM was
129.161 ± 14.46 nm (mean ± SD; N = 43; Supplementary
Figure S1L). Comparison of green with red-labeled structures
regardless of the used microscopy platform did not yield
any significant differences. The resolution reached for TUA6-
GFP and mRFP-TUB6-labeled microtubules was comparable
(Supplementary Figures S2A,E). Similarly we did not note
any significant differences between tagRFP-MAP65-2 and eGFP-
MAP65-2 observed on either ACLSM (Supplementary Figures
S2B,E) or 2D SIM (Supplementary Figures S2C,E). By contrast
tagRFP-MAP65-2 was considerably better resolved by means of
2D SIM compared to ACLSM (p < 0.001) further corroborating
the resolution efficiency differences between the two systems
(Supplementary Figures 2D,E).

Detailed View on MAP65-2 Colocalizing
With Microtubules
One major point in the analysis of microtubule bundles, is the
efficiency with which individual microtubules can be deciphered
and co-visualized with other molecules inhabiting the bundle,
including bundling proteins such as MAP65-2. To co-visualize

Frontiers in Plant Science | www.frontiersin.org 6 June 2020 | Volume 11 | Article 693

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00693 June 3, 2020 Time: 18:55 # 7

Vavrdová et al. Superresolution Imaging of MAP65-2

FIGURE 1 | Comparison of ACLSM and SIM in resolving details of TUA6-GFP labeled cortical microtubules in hypocotyl epidermal cells of Arabidopsis labeled.
(A) Overview of image from ACLSM (objective 63×/1.40 NA). (B) Magnified view of the boxed area in (A). The white line corresponds to a perpendicular profile, for
normalized intensity measurement. (C) Graph depicting normalized fluorescence intensity corresponding to the profile shown in (B). (D) Averaged, coaligned, and
normalized intensity profiles of individual TUA6-GFP-labeled microtubules visualized by ACLSM (N = 43; FWHM – full-width at half maximum). (E) Overview of image
from 2D-SIM (objective 63×/1.40 NA). (F) Magnified view of the boxed area in (E). The white line in (F) shows a profile, used for normalized intensity measurement.
(G) Representative plot of a normalized fluorescence intensity corresponding to the profile drawn in (F). (H) Averaged, coaligned, and normalized intensity profiles of
individual TUA6-GFP-labeled microtubules visualized with 2D-SIM (N = 44). Scale bars = 10 µm (A,E), or 5 µm (B,F), respectively.

microtubules and MAP65-2 and decipher their spatial relations
in composite cortical microtubule bundles, we preferentially used
ACLSM. 2D SIM was also used, but due to the configuration
of the platform, it was possible to acquire images at the
two channels sequentially with significant delays compared to
ACLSM, where sequential imaging was done considerably faster.
Moreover, owing to its detection principle, ACLSM allows the
best photon collection even at suboptimal signal-to-noise ratios
at approximately the same resolution as 2D SIM (Figures 1, 2;
Huff, 2016).

Thus, ACLSM was used for imaging epidermal hypocotyl cells
co-expressing eGFP-MAP65-2 with mRFP-TUB6, or tagRFP-
MAP65-2 with TUA6-GFP markers. We were able to co-
visualize cortical microtubules and MAP65-2, while avoiding
bleaching issues that were particularly limiting to tagRFP-
MAP65-2 visualization by 2D SIM. To properly address the
nature of MAP65-2 colocalization with microtubules, two

approaches based on light intensity profiling were used as
described previously (Komis et al., 2014). By employing these
approaches, we wanted to verify, whether MAP65-2 follows
the same trends that were reported for cortical microtubules
(Komis et al., 2014). The first trend specifies the composite nature
of cortical microtubules, as microtubule bundles containing
different number of microtubules can not only be discriminated
from each other, but the fluorescence intensity maximum within
a microtubule bundle is linearly depending on the number of
microtubules incorporated in it. In composite bundles consisting
of many microtubules, intensity fluctuations along linear profiles
can reflect the number of individual components (Komis et al.,
2014). Apart from this goal, we were also interested whether
we could observe cases, where the tagRFP-MAP65-2 signal
would be close to the signal corresponding to TUA6-GFP-labeled
microtubules, yet the signals would not completely overlap,
meaning there is MAP65-2 signal outside of the tightly bound
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FIGURE 2 | Comparison of ACLSM, SIM and TIRF-SIM in resolving MAP65-2 decoration of cortical microtubules in hypocotyl epidermal cells of Arabidopsis
expressing eGFP-MAP65-2. (A) ACLSM overview. (B) Close-up image of the boxed area of (A) with profile used for normalized intensity measurement (white line).
(C) Representative quantitative depiction of normalized fluorescence intensity of the individual profile drawn in (B). (D) Averaged, coaligned, and normalized intensity
profiles of basal MAP65-2 decoration of microtubules (N = 36; FWHM, full-width at half maximum). (E) 2D-SIM overview (objective 63×/1.40 NA). (F) Magnified view
of boxed area in (E) with the perpendicular profile, for normalized intensity measurement (white line). (G) Graph depiction of the normalized intensity corresponding to
the profile drawn in (F). (H) Averaged, coaligned, and normalized intensity profiles of basal MAP65-2 decoration of microtubules (N = 39). (I) Overview image from
TIRF-SIM (objective 100×/1.49 NA). (J) Magnification of the boxed area of (I). (K) Normalized intensity of the perpendicular profile drawn in (J). (L) Averaged,
coaligned, and normalized intensity profiles of basal MAP65-2 decoration of microtubules visualized with TIRF-SIM (N = 55). Scale bars = 10 µm (A,E), 5 µm (B,F,I),
and 2 µm (J) respectively.
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FIGURE 3 | Quantitative analysis of resolution achieved by using ACLSM, SIM, and TIRF-SIM in resolving details of cortical microtubules (MTs) with TUA6-GFP
marker or eGFP-MAP65-2 decoration of cortical MTs. Boxplots present the full-width at half maximum values (FWHM). (A) Comparison of ACLSM and SIM in
resolving MTs with TUA6-GFP marker. (B) Comparison of ACLSM, SIM, and TIRF-SIM in resolving eGFP-MAP65-2 decoration of MTs. (C) Resolution reached by
ACLSM for either TUA6-GFP or eGFP-MAP65-2. (D) Resolution reached by SIM for either TUA6-GFP or eGFP-MAP65-2. (A–E) Unpaired two-sample t-tests were
used for statistical analysis (*** significant at p 0.001, * significant at p 0.05, ns, not statistically significant) and the results are in (E). Description of box plot: average
is presented by ×, median by the middle line, 1st quartile by the bottom line, 3rd quartile by the top line; the whiskers lie within the 1.5 × interquartile range (defined
from the 1st to the 3rd quartile), outliers are marked by points.

microtubules. In quantitative terms, colocalization of tagRFP-
MAP65-2 with TUA6-GFP marked microtubules is quite tight as
evidenced by colocalization analyses of either the entire cortical
microtubule system (Figures 4A–C,G) or selected regions
of interest that selectively encompass bundled microtubules
(Figures 4D–F,H). Quantitative assessment of tagRFP-MAP65-
2 with TUA6-GFP in the full frame shown in Figures 4A–C,
showed collinearity of both signals with a Pearson’s coefficient
value of 0.964 and a Manders coefficient value of 0.891. In the
selected rectangular ROI, the respective Pearson’s coefficient is
0.604 and the Manders coefficient is 0.92.

To answer the first question regarding the linear increase in
signal intensity when microtubule bundles blend together, we
searched the images of Arabidopsis line stably expressing both
tagRFP-MAP65-2 and TUA6-GFP markers for cases showing
events of microtubule bundles branching in two smaller branches
(Figures 5A–C). Then, we measured the fluorescence intensity
profiles perpendicularly to the original bundle as well as to
its two branches. To prevent errors stemming from local
deviations in fluorescence intensity maxima of either fluorescent
signal, five independent measurements were performed on each
measured branch and these data were averaged. Such averaged
measurements (N = 8; Figures 5D,E), display a clear distinction
between the absolute fluorescence intensity maximum of the
original bundle, the smaller and the larger branch. Moreover,

the linear correlation coefficient between the two signals was
inferred from absolute fluorescence intensity maxima of all three
microtubule bundles of different complexity (i.e., differing in
the microtubule number they accommodate; Figures 5F,G). For
both TUA6-GFP-labeled microtubules (Figure 5F) and tagRFP-
MAP65-2 (Figure 5G), the high values of the linear correlation
coefficient (R2 = 0.9966, respectively R2 = 0.9786) confirm the
observation, that both microtubules and MAP65-2 accumulate
equally during the increase of the bundle size.

Next, using the images of the same Arabidopsis line with
two markers tagRFP-MAP65-2 and TUA6-GFP, we focused
on areas showing signal intensity fluctuation alongside the
decorated microtubules. To examine whether these changes
in the signal intensity of TUA6-GFP-labeled microtubules
would be mirrored in signal intensity changes of tagRFP-
MAP65-2, we draw longitudinal profiles along microtubules.
A representative measurement is shown in Figures 5H–K. Due
to considerable differences in absolute intensity values between
signals corresponding to tagRFP-MAP65-2 and TUA6-GFP, the
values from longitudinal profiles were normalized before they
were plotted against distance (Figure 5K). Such linear profiles
were discontinuous, reflecting the uneven incorporation of
TUA6-GFP in the microtubule lattice (Komis et al., 2014) and
the similarly uneven binding of MAP65-2 alongside microtubule
bundles. Signal intensity fluctuations of tagRFP-MAP65-2 were
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FIGURE 4 | Demonstration and analysis of MAP65-2 colocalization with cortical microtubules. Hypocotyl epidermal cells of stably transformed seedlings expressing
both tagRFP-MAP65-2 and TUA6-GFP as visualized by ACLSM (objective 63×/1.40 NA). (A–C) Overview of TUA6-GFP labeled microtubules (A), tagRFP-MAP65-2
(B), and their overlay (C). (D–F) Magnified views of the boxed area of (A–C) showing again TUA6-GFP tagged microtubules (D), tagRFP-MAP65-2 (E) and the
resulting merged image (F). (G,H) Scatterplots showing spatial correlation of green vs. red pixels for the entire field of view shown in C (G) or corresponding to the
rectangular ROI (boxed area of C; H). Scale bars = 10 µm, (A–C); 5 µm, (D–F).

not coinciding with those of the TUA6-GFP signal. However,
the overall changes along both linear profiles showed the same
trend of signal intensity increase pending on the increase in
bundle complexity, suggesting that the abundance of MAP65-2
at a specific place depends on the composition of a microtubule
bundle at that place.

Last, during a careful analysis of ACLSM images of
Arabidopsis lines carrying eGFP-MAP65-2 and mRFP-TUB6, or
tagRFP-MAP65-2 and TUA6-GFP marker couples, respectively,
we noted that there were cases, where MAP65-2 was observed
to localize both within microtubule bundles and in between two
parallel microtubule bundles in the near proximity to each other
(Figures 6A–F,H–M). These observations were addressed by
normalized intensity profiles drawn perpendicularly to composite
microtubule bundles (Figures 6G,N). The graphs confirmed
the visual observation and further demonstrated association of
MAP65-2 with microtubule bundles and its localization between
these bundles by showing that peak intensities of TUA6-GFP
and tagRFP-MAP65-2 are offset (Figures 6G,N). To strengthen
our observation and to dismiss the possibility of noting this

information due to poor resolution, we decided to check
whether similar situation can be found in images with higher
resolution. For this, we used SIM with a 100×/1.46 NA, oil-
immersion objective. Again, the same observation was confirmed
(Figures 6O–T) and proved in normalized fluorescence intensity
profile plotted against distance (Figure 6U) showing offset
position of peak intensities of TUA6-GFP and tagRFP-MAP65-2.

Dynamics of MAP65-2 Localization
Due to the ever-changing nature of cortical microtubules,
MAP65-2, as a protein associated with microtubules, is expected
to follow microtubule dynamics (e.g., Lucas et al., 2011).
Concomitant recordings tracking the dynamics of both eGFP-
MAP65-2 and mRFP-TUB6 were done using the ACLSM at frame
rates of ca. 0.67 fps (time interval of 1.5 s). The eGFP-MAP65-
2 follows microtubule labeling at areas of potential antiparallel
microtubule overlaps (Figures 7A–F and Supplementary Video
S1), whereas the length fluctuations of eGFP-MAP65-2 and
mRFP-TUB6 closely follow each other (Figures 7G–I).
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FIGURE 5 | Quantitative analysis of MAP65-2 colocalization with cortical microtubules. Hypocotyl epidermal cells of stably transformed Arabidopsis lines expressing
both tagRFP-MAP65-2 and TUA6-GFP were observed in ACLSM (objective 63×/1.40 NA). (A–C) Overview of an area with microtubule branching with TUA6-GFP
shown in green (A), tagRFP-MAP65-2 in red (B) and (C) the showing the overlay; measured microtubule bundles are visualized with white lines and labeled with
given numbers according to their strength (1 being the weakest and 3 the strongest bundle). Microtubule bundles were quantified by fluorescence intensity profiling
and averaged values are shown in (D) for TUA6-GFP and (E) for tagRFP-MAP65-2. Quantitative evaluation is given in (F) for TUA6-GFP and (G) for
tagRFP-MAP65-2 (mean ± SD; R2, linear correlation coefficient; N = 8, 5 technical repetitions). (H–J) Overview of a microtubule bundle, TUA6-GFP shown in green
(H), tagRFP-MAP65-2 in red (I) and (J) is a merged picture; white line visualizes longitudinal profile, which is shown in (K), where is demonstrated fluctuation of
fluorescence intensities. Scale bars = 2 µm.
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FIGURE 6 | Colocalization of MAP65-2 with microtubules. (A–C) ACLSM overview of microtubule bundles in hypocotyl cells coexpressing mRFP-TUB6 (A) and
eGFP-MAP65-2 (B); merged picture is shown in (C). Boxed area in (A–C) is shown in (D–F); (D) mRFP-TUB6, (E) eGFP-MAP65-2, (F) overlay; yellow line in (D–F)
delineates fluorescence intensity profile, shown in (G). Profile intensity measurement was normalized, plotted against distance and the resulting graph is in (G). (H–J)
ACLSM co-visualization of microtubule bundles in line coexpressing TUA6-GFP (H) and tagRFP-MAP65-2 (I); overlay is displayed in (J). Boxed area in (H–J) is
shown in (K–M); (K) TUA6-GFP, (L) tagRFP-MAP65-2 and in (M) is overlay; yellow line in (K–M) delineates fluorescence intensity profile, shown in (N). After
normalization, profile intensity measurement was plotted against distance and the graph is in (N). (O–Q) Images of line expressing TUA6-GFP (O) and
tagRFP-MAP65-2 (P) and their colocalization (Q). Boxed area in (O–Q) is shown in (R–T); (R) TUA6-GFP, (S) tagRFP-MAP65-2 and in (T) is overlay; yellow line
represents a perpendicularly drawn fluorescence intensity profile shown in (U). After normalization, profile intensity measurement was plotted against distance and
the graph is in (U). Scale bars = 10 µm (A–C,H–J,O–Q), 5 µm (D–F,K–M) or 2 µm (R–T).

For more detailed analysis, we restricted time lapsed
imaging to eGFP-MAP65-2. To address this issue, we employed
2D SIM and TIRF-SIM to survey eGFP-MAP65-2 dynamics
at different temporal resolutions. In both cases, it was

possible to make recordings of durations ranging between
10 and 30 min, but with markedly different acquisition
frame rates. With 2D SIM, images were acquired at frame
rates between 0.22 fps to 0.4 fps (time intervals from
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FIGURE 7 | MAP65-2 and microtubule dynamics visualized by ACLSM (see also Supplementary Video S1). (A–C) Is an overview of a hypocotyl epidermal cell of
stably transformed line expressing both TUA6-GFP (A) and tagRFP-MAP65-2 (B) observed by ACLSM (objective 63×/1.4 NA); in (C) is merged picture. Area in
boxes is shown in stills (D–F), within which is the region of interest where kymographs were generated (G–I). Stills in (D) show TUA6-GFP, in (E) show
tagRFP-MAP65-2 and in (F) are stills from merged picture. In (G), kymograph is shown for TUA6-GFP, in (H) for tagRFP-MAP65-2 and in (I) for merged picture.
Scale bars = 2 µm (A–F), 1 µm (G–I). Time bars = 1 min (G–I).
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2.5 s to 4.5 s) while the TIRF-SIM recordings were done
at frame rates between 1.33 fps to 10 fps (time intervals
from 750 to 100 ms).

Since MAP65-2 is preferentially crosslinking antiparallel
microtubules, the end-wise dynamics of eGFP-MAP65-2
do not follow the classical view of microtubule dynamics
per se. MAP65-2 is closely tracking antiparallel microtubule
plus ends and it only persists as long as the overlap
between the microtubules does (Lucas et al., 2011).
This was previously shown by simultaneous tracking
of mCherry-MAP65-2 and GFP-TUA6 (Lucas et al.,
2011), proving that end-wise microtubule dynamics are
closely followed by approximate changes in the length of
the MAP65-2 signal.

In agreement with previous observations (van Damme et al.,
2004; Lucas et al., 2011), the dynamic behavior of MAP65-2 is
similar to that of cortical microtubules. With 2D SIM, MAP65-
2 decorating overlaps of antiparallel cortical microtubules
displays periods of growth (extension) followed up with fast
shrinkage (retraction; Figures 8A,B and Supplementary Video
S2), mimicking the dynamic instability of plus ends of cortical
microtubules. To quantify this behavior, kymographs were
generated from the original images and parameters describing
MAP65-2 dynamics were extrapolated from these kymographs
(Figure 8D). In this case, the growth and shrinkage rates were
6.87 ± 2.72 µm min−1 (N = 57) and 21.35 ± 6.38 µm min−1

(N = 43), respectively. Moreover, frequencies of rescue and
catastrophe events were 0.0107 and 0.0446, respectively.

2D SIM allowed to pursue dynamics of eGFP-MAP65-2
in more complex bundles, presumably accommodating more
than two microtubules (Figures 8A,C). This is deemed by the
higher fluorescence intensity and it is reflected in the resulting
kymographs exhibiting areas of variable intensity above the
background fluorescence (Figure 8E). Again, inferring from
kymographs (Figure 8E), the growth and the shrinkage rates were
6.32 ± 2.00 µm min−1 (N = 42) and 17.08 ± 4.84 µm min−1

(N = 30), respectively. The frequencies of rescue and catastrophe
events were 0.0114 and 0.0404, respectively.

Similar analysis was done using TIRF-SIM (Figures 9A–
C and Supplementary Video S3), after the subsequent
generation of kymographs (Figures 9D,E). Growth and
shrinkage rates deduced from TIRF-SIM images were calculated
as 5.04 ± 1.30 µm min−1 (N = 53) and 18.27 ± 5.04 µm min−1

(N = 36), respectively, which is comparable to the results from
SIM. However, the frequencies of rescue and catastrophe events
were in both cases higher compared to 2D SIM (0.0381 and
0.0864, respectively), probably due to the higher spatial and
temporal resolution, which enabled more detailed measurement
of dynamic changes.

Growth rates within individual bundles are similar to those
calculated from more complex bundles but shrinkage is slower
(Figures 10A–C,G). When comparing the two acquisition
methods, both growth and shrinkage rates inferred by TIRF-
SIM, were significantly slower than those obtained by 2D SIM
(p = 0.0067 for growth; Figures 10D,E,G and p = 0.0002 for
shrinkage; Figures 10D,F,G). This is probably owing to the
big difference between the two systems in terms of sampling

frame rates. Since TIRF-SIM has essentially the same resolution
potential like 2D SIM, it is probably collecting more frames
without detectable length changes compared to 2D SIM.

Single Molecule PALM Localization of
mEos3.2-MAP65-2
For visualization of the mEos3.2-MAP65-2 reporter we followed
previously published settings to induce photoconversion and
collect photons (Hoogendoorn et al., 2014; Hosy et al., 2015).
The mEos3.2-based reporter of MAP65-2 reacted reasonably well
albeit slowly during photoconversion experiments and image
reconstruction after the acquisition of time series consisting
of ca. 8,000–12,000 frames. Following the photoconversion of
mEos3.2, PALM reconstruction resulted in the localization of well
discernible single molecules compared to the respective TIRF
image, where the signal was roughly continuous (Figures 11A,B).
Individual localization events were recorded by variable photon
numbers (Figure 11C) resulting to a precision ranging between
10 and 80 nm (38 nm ± 19 nm; mean ± SD; Figures 11D,G).
In areas presumably corresponding to microtubule bundles,
localization events exhibited an arrayed order by comparison
to the continuous localization via TIRF (Figures 11A,B,E),
which was further proven upon intensity profile quantification
(Figure 11H). In most cases, localization resulted in the
documentation of individual spot-like structures, possibly
corresponding to individual mEos3.2-MAP65-2 molecules and
not dimers (Figures 11D,E). Occasionally we documented spot
duplets, i.e., spots that are very closely positioned (Figure 11F).
Normalized fluorescence intensity profiling and averaging of the
Rayleigh distances (at ca. 67% of the peak intensity) proved a
resolution of 30.53 ± 5.28 (mean ± SD; N = 17; Figure 11I).
Given that the physical length of the closely related MAP65-
1 dimer is ca. 25 nm as judged from transmission electron
micrographs of in vitro reconstituted microtubule bundles after
negative staining (Tulin et al., 2012) it is likely that these
localization events revealed by optical nanoscopy correspond to
true MAP65-2 dimers.

Similar results were obtained when optical fluctuations of
eGFP-MAP65-2 were recorded using TIRF illumination, a high
laser power input at the sample and simultaneous illumination
with the 405 nm laser line of Elyra PS.1 (Figures 12A–E). The
major difference when comparing with mEos3.2 (Figures 12F–
J), was that with eGFP-MAP65-2 we achieved much higher
photon numbers per position, very rapidly, minimizing the time
necessary to yield similar localization precision (Figures 12E,J).

DISCUSSION

The plant cytoskeleton consists of fine molecular structures,
which cannot be properly characterized by means of light
microscopy with the Abbe’s limitation of 200 nm due to
diffraction. Instead, transmission electron microscopy was used
to describe microtubules and their complex nature of interactions
with a pleiade of MAPs (e.g., Ledbetter and Porter, 1963;
Chan et al., 1999). Despite its superior resolution and its
irreplaceable role for examining supramolecular structures,
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FIGURE 8 | MAP65-2 dynamics (see also Supplementary Video S2). (A) An overview of a hypocotyl epidermal cell of stably transformed line expressing
eGFP-MAP65-2 observed by 2D-SIM (objective 63×/1.40 NA). In full-line box is area, which is magnified in stills in (B) and the dotted line marks microtubule bundle
used for generating kymograph (D); while in dotted-line box is area depicted in stills in (C), with dashed line next to microtubule bundle used for generating
kymograph in (E). Stills in (B) show growth of an individual microtubule bundle as is demonstrated on a kymograph (D). Complex dynamics within composite
microtubule bundle are demonstrated in stills (C) and a corresponding kymograph (E); white arrowheads point to microtubule ends. Scale bars = 10 µm (A), or
1 µm (B–E). Time bars = 1 min (D,E).

protein colocalization and interaction (Celler et al., 2016), a
great disadvantage of electron microscopy is visualization of only
fixed and artificially contrasted samples. On the other hand,
intracellular structures show inherent dynamic redistribution
during the time of observation and cortical microtubules of
plant cells represent such an example. Cortical microtubules
in A. thaliana exhibit rapid length fluctuations preferably at
their plus ends, although occasionally they may oscillate via
their minus end in a course of hybrid treadmilling (Shaw
et al., 2003; Komis et al., 2014). Moreover they tend to
accommodate into higher order assemblies incorporating more
microtubules which are physically crosslinked by a number

of appropriate microtubule proteins including members of the
MAP65 (reviewed in Hamada, 2014) and MAP70 (Korolev
et al., 2005, 2007; Pesquet et al., 2010) families. These proteins
form subresolution crossbridges that are impossible to discern
from microtubules with standard diffraction-limited fluorescence
microscopy approaches.

To make ends meet, a plethora of superresolution techniques,
which stem from light microscopy and circumvent the
Abbe’s limit, were developed with the premise to survey
and temporally follow intracellular organization at the nanoscale.
Among them, several were described as especially suitable for
characterizing both organization and dynamics of microtubules
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FIGURE 9 | MAP65-2 dynamics visualized by TIRF-SIM (see also Supplementary Video S3). (A) An overview of a hypocotyl epidermal cell of stably transformed
line expressing eGFP-MAP65-2 observed by TIRF-SIM (objective 100×/1.49 NA). In full-line box is area, which is magnified and shown in stills in (B), with dashed
line marking microtubule bundle used for generating kymograph in (D), while in dotted-line box is area depicted in stills in (C) and the dotted line is next to
microtubule bundle, from which kymograph of (E) was generated. Stills in (B) show growth of a plus end of an individual microtubule bundle as demonstrated on a
kymograph (D). A complex dynamics within composite microtubule bundle is demonstrated in stills (C) and a corresponding kymograph (E); white arrowheads point
to microtubule ends. Scale bars = 5 µm (A), or 1 µm (B–E). Time bars = 1 min (D,E).
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FIGURE 10 | Quantification of MAP65-2 dynamics. Kymographs were generated from videos of stably transformed line expressing eGFP-MAP65-2 made by either
2D SIM (objective 63×/1.40 NA) or TIRF-SIM (objective 100×/1.49 NA). The kymographs were measured and growth and shrinkage rates were calculated (as
described in section “Materials and Methods”). (A–C) Comparison of growth (A,B) and shrinkage (A,C) rates for individual and complex bundles observed on 2D
SIM. (D–F) Comparison of growth (D,E) and shrinkage (D,F) rates for bundles imaged by either 2D SIM or TIRF-SIM. In (A,D), means and standard deviations are
shown. In (B,C,E,F), results from statistical analysis are shown, for which was used Mann–Whitney U test (*** significant at p 0.001, ** significant at p 0.01, ns, not
statistically significant) and the results of statistical analysis are in (G), where U is the result of Mann–Whitney test. Description of box plot: average is presented by ×,
median by the middle line, 1st quartile by the bottom line, 3rd quartile by the top line; the whiskers lie within the 1.5 × interquartile range (defined from the 1st to the
3rd quartile), outliers are presented by points.

and MAPs, namely SIM, PALM and STORM (Komis et al., 2015,
2018; Schubert, 2017). The SIM method proved to describe
microtubule organization and dynamics with high resolution
(Komis et al., 2014), reaching as low as nearly a half of Abbe’s
diffraction limit. 2D SIM as applied by all existing commercial
platforms offers acceptable acquisition frame rates regarding
microtubule dynamics (e.g., Shaw et al., 2003; Buschmann et al.,
2010; Lucas et al., 2011; Komis et al., 2014, 2015).

With the implementation of TIRF and a unique strategy
to generate and move the patterned light, this technique is
capable of capturing time-lapsed images with high temporal
resolution (Vizcay-Barrena et al., 2011). On the other hand,
SIM relies on computer-assisted image reconstruction, which

makes SIM prone to a variety of artifacts (see comments in
Komis et al., 2015; Demmerle et al., 2017). Nevertheless, due to
the aforementioned advantages and well-established protocols of
image acquisition and subsequent reconstruction (Komis et al.,
2014, 2015), SIM proved to be a valuable tool for determining
cytoskeletal dynamics.

To compare SIM, TIRF-SIM and ACLSM regarding their
abilities to resolve microtubular structures, we have used
these techniques to visualize cortical microtubules in hypocotyl
epidermal cells of A. thaliana, an approach generally used
when describing interphase microtubular array (Kawamura et al.,
2006; Pastuglia et al., 2006). The A. thaliana lines carrying
fluorescently labeled tubulin (TUA6-GFP or mRFP-TUB6) or
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FIGURE 11 | PALM localization of mEos3.2-MAP65-2. (A,B) Overview of Arabidopsis hypocotyl epidermal cell expressing mEos3.2-MAP65-2 at the end of an
acquisition time series following single molecule localization by PALM (A) or TIRF imaging (B). (C) Histogram of photon detection frequencies plotted against
precision of localization. (D–F) Details from PALM imaging in (D) are single mEos3.2-MAP65-2 molecule; (E) shows a linear array of single mEos3.2-MAP65-2
molecules; and in (F) is a linear array of mostly mEos3.2-MAP65-2 molecules with two pairs of spots most likely corresponding to mEos 3.2-MAP65-2 dimers.
(G) Normalized intensity profiling of the spot delineated with the dotted white line in (D), showing a full-width at half maximum (FWHM) of ca. 41 nm. (H) Normalized
intensity profiling corresponding to the dotted white line in (E), showing the periodic distribution of mEos3.2-MAP65-2 along a microtubule bundle. (I) Normalized
intensity profiling along the dotted white line of (F). Scale bars = 5 µm (A,B); 0.2 µm (D); 0.5 µm (E,F).

fluorescent protein fusions with MAP65-2 were used in this
study. Previously, the TUA6-GFP marker has been shown
not to interfere with microtubule function and dynamics as
marked from the lack of phenotypes of the transformants
(Shaw et al., 2003).

As for the fluorescently labeled MAP65-2 marker, it was
designed in a way to ensure proper function and localization of
the resulting chimeric protein. Thus, it is expressed under native
promoter while the fluorescent protein is fused with N-terminal
sequence of MAP65-2, which is not responsible for binding
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FIGURE 12 | Comparison of single molecule localization microscopy (SMLM) between eGFP-MAP65-2 stochastic optical fluctuations and mEos3.2-MAP65-2
photoconversion. (A,B) Comparative overviews of a hypocotyl cell expressing eGFP-MAP65-2 visualized after TIRF illumination (A) or following PALM reconstruction
(B). (C,D) Detailed comparisons of a magnified view of the boxed area in (A,B) under TIRF illumination (C) or PALM reconstruction (D). (E) Histogram of precision of
localization plotted against photon frequency. (F,G) Comparative overviews of a hypocotyl cell expressing mEos3.2-MAP65-2 by means of TIRF (F) or after PALM
reconstruction (G). (H,I) Detailed view of the boxed areas in (F,G) after TIRF acquisition (H) or PALM reconstruction (I). (J) Histogram of precision of localization
plotted against photon frequency. Scale bars = 10 µm (A,B); 5 µm (C,D,F,G); 2 µm (H,I).

to microtubules. All seedlings used herein are T3 generation
and were all chosen based on fluorescence intensity uniformity
and the absence of phenotype when compared to same age
untransformed Col-0 seedlings. Accordingly, we did not observe
differences in the dynamics of MAP65-2 nor to its patterns
of localization in the cortical array compared to previously
published work (Lucas et al., 2011), suggesting the functionality
of all MAP65-2 fusion proteins used herein (eGFP-MAP65-2,
tagRFP-MAP65-2, and mEos3.2-MAP65-2).

Images acquired from these two lines were quantitatively
evaluated, using FWHM as a value of the resolution capacity
of each respective microscope. By using the same objective,
(63×/1.40 NA), the SIM platform outperformed ACLSM.
Accordingly, when using objective with higher magnification
and NA (100×/1.49 NA), the resolution reached by TIRF-SIM
further increased. Our results are in agreement with previously
published data for 2D SIM (Komis et al., 2014). However,
both ACLSM and SIM were shown to be capable of nearly
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linear titration of bundled microtubule numbers by measuring
fluorescence intensity.

Both 2D SIM and TIRF-SIM, allowed us to track end-wise
dynamics of MAP65-2 length fluctuations in either microtubule
pairs, or more complex microtubule assemblies. Our results show
that the dynamics of MAP65-2 length changes are tightly coupled
to end-wise length fluctuations of antiparallel microtubules as
described before (Lucas et al., 2011). Within bundles, speckles
of MAP65-2 remain immobile, further proving the end-wise
restriction of MAP65-2 dynamics and the stability of intrabundle
crosslinks. Dynamicity values of MAP65-2 excursions of eGFP-
MAP65-2 expressors were considerably slower when analyzed
with TIRF-SIM compared to 2D SIM. In particular, both
extensions and retractions of the MAP65-2 signal as imprinted in
the respective kymographs occurred at a slower pace compared
to the respective 2D SIM acquisitions. This observation raises
the issue of temporal sampling taking into account the resolution
of the system used. Tracking of MAP65-2 dynamics is spatially
limited by the system. If such changes occur at smaller lengths
than what the system is able to resolve, then they will not
be recorded as such. Therefore length fluctuations within the
4.5 s interval of the 2D SIM are expected to be bigger than
those recorded with the 100–750 ms interval of the TIRF-
SIM platform and also account for differences in transition
frequencies (designated as catastrophes and rescues to follow the
microtubule nomenclature).

The benefit of both systems, however, was the possibility to
contrast intensity differences of variable MAP65-2 intensities and
discriminate dynamics between individual components as was
previously done with uniformly labeled microtubules (Komis
et al., 2014). In the future, fast SIM platforms can be used to
survey the dynamic nature of microtubule complexity in bundled
systems by simultaneously addressing the distribution of more
than one component at the time.

In this respect and owing to the default setup of the 2D
SIM microscope used herein, it was not possible to acquire
simultaneously signals from both tagged MAP65-2 and tagged
tubulin. This constitutes a particular problem, since both
microtubule length and MAP65-2 dynamics show considerable
changes within the time frame of 2D SIM acquisitions followed
herein and would not allow the faithful tracking of both
components at the sequential mode of acquisition used. For
this reason, ACLSM imaging was employed instead, since
quantitative analysis of the imaging output showed that it still
exhibited a resolution below Abbe’s limit although significantly
lower than that achieved by 2D SIM. Notwithstanding, with the
introduction of Airyscan, an improved detector designed for
ACLSM, the scanning time was dramatically shortened, while
the main advantage of CLSM for live cell imaging, namely low
phototoxicity, remained. So far, a direct comparison between SIM
and ACLSM has not been provided.

A clear benefit of 2D-SIM and TIRF-SIM is the highly
contrasted discrimination of intrabundle microtubules within
the diffraction limitations of both modalities. Quite surprisingly,
the recording of intrabundle dynamics consistently yielded
statistically significant lower shrinkage rates compared to
individual microtubules. This is quite surprising given that

at least in vitro, MAP65 proteins did not affect microtubule
assembly and disassembly rates (Stoppin-Mellet et al., 2013)
but rather the extent and duration of growth and shrinkage.
Moreover, they might be also implicated in the decrease of
catastrophe frequencies, since they are competing katanin activity
(Stoppin-Mellet et al., 2013; Burkart and Dixit, 2019), leading
to sustainable intrabundle microtubule elongation. By contrast,
in vivo observations herein, show striking similarity in both
catastrophe and rescue frequencies when comparing intrabundle
with individual microtubules. Additionally previous in vivo
observations, deduced reduced shrinkage rates of intrabundle
microtubules as found here (van Damme et al., 2004; Lucas
et al., 2011). In contrast to in vitro observations, intrabundle
microtubule dynamics in vivo occur in the context of competitive
or synergistic interactions from more protein species than those
addressed in in vitro assays. Notable interacting partners of
bundling proteins such as the fission yeast homolog of MAP65s,
Ase1p, are kinesin motors and the plus-end binding protein
CLASP (Bratman and Chang, 2007; Janson et al., 2007). This
finding will, be further pursued in the near future and it
represents a merit of the implementation of live superresolution
imaging for in vivo observations.

To overcome the dual localization caveat, ACLSM was used
in a superresolution fast mode to simultaneously track more
than one channel at a time (Huff, 2016; Korobchevskaya et al.,
2017). Despite the high resolution capacity of 2D SIM and TIRF-
SIM, these platforms exhibit significant phototoxicity resulting
in progressive photobleaching of fluorophores and cell damage
after the time frames of observation used herein. Although the
phototoxicity was not a particular problem for imaging lines
expressing GFP-labeled proteins (owing to lower laser inputs
and camera exposure times necessary for documentation), it
represented a serious predicament for live imaging of mRFP-
and tagRFP-labeled proteins. The output of ACLSM is at large
comparable in terms of resolution with the output of 2D
SIM, excluding the time restrictions of the latter. Taking into
account the above advantages and restrictions of the different
SIM modules and ACLSM, we used the latter to address
aspects of MAP65-2 localization, relationship with microtubules
within cortical bundles of variable complexity. Our results
show that MAP65-2 either as an eGFP- or as a tagRFP-fusion,
partially colocalizes with microtubule overlaps after tracking
of microtubules with either TUA6-GFP, or mRFP-TUB6. The
labeling of MAP65-2 in all cases was discontinuous without
conspicuously following the similar speckled distribution of
tagged tubulin. This means that MAP65-2 (as probably happens
with other members of the MAP65 family) does not show
a binding prevalence to a specific tubulin isoform. Moreover,
the uneven distribution of MAP65-2 signifies the fact that
microtubule bundles may stochastically recruit different MAP65
proteins during their assembly, including the wild type untagged
MAP65-2 protein, which is also expected to be expressed in our
transformants. To this extent, it would be of interest in a future
study to address the spatial relationships between MAP65-1,
MAP65-2, and MAP65-5 which have been shown to coexist in the
cortical microtubule array (van Damme et al., 2004; Lucas et al.,
2011; Lucas and Shaw, 2012) and to delineate their dynamics.
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Diffraction limits of widefield imaging have been surpassed
either by physically restricting emission to subdiffraction sizes
by means of stimulated emission depletion microscopy (reviewed
in Sahl et al., 2017), or by specifying the localization of
single fluorophores at nanometer precision. The latter approach
encompasses a high number of comparable methods all of
which take into account non-linear responses of the fluorophore
to excitation conditions. So-called single molecule localization
microscopy (SMLM) methods which emerged on this principle
rely on either fluorophores switching between on and off states,
converting between two different emission peaks, or in intensity
fluctuations of single emitters under special excitation conditions.

PALM is based on the first principle and employs
photoswitchable, photoactivatable or photoconvertible
protein tags (such as PA-GFP, Dronpa, or mEos3.2 as used
herein; reviewed in Shcherbakova et al., 2014) which are
shifting between two temporally distinct emission states upon
appropriate illumination. Stochastic optical reconstruction
(STORM) is also based on the on/off transitions of special
fluorophores such as AlexaFluor 647 or Atto488 under redox
conditions and high irradiance with the excitation wavelength
promoting the blinking of individual fluorophores during
time-resolved acquisitions only when the sample is embedded
in the presence of reducing agents such as β-mercatoethanol or
mercaptoethylamine (reviewed in Li and Vaughan, 2018; Jradi
and Lavis, 2019).

In plant research, PALM and STORM applications of
SMLM are still limited but promising. They have been
applied for counting molecules of active and inactive RNA
polymerase II in interphase nuclei of Arabidopsis (Schubert
and Weisshart, 2015), or to elucidate the organization of
perinuclear actin in living tobacco cells (Durst et al., 2014).
Together with other studies, which elaborated applications of
direct STORM in fixed plant samples interrogating cortical
microtubule structure (Dong et al., 2015) or cellulose
microfibril arrangement in plant cell walls (Liesche et al.,
2013), and PALM combined with single particle tracking of
diffusing membrane proteins (Hosy et al., 2015) makes SMLM
methods tractable approaches for quantitatively interrogating
plant intracellular and extracellular architecture at all spatial
dimensions and in time.

Owing to the composite and crowded nature of cortical
microtubule bundles and their molecular complement, SMLM
methods for visualization of individual components presents
ideal means to characterize their molecular composition. To this
extend, we followed the PALM principle in order to address the
localization of single molecules of mEos3.2-MAP65-2 fusions.
The localization process required lengthy time acquisitions, in
order to yield photon frequencies necessary for subdiffraction
localization precision. Taking into account the dynamic nature
of MAP65-2 at the fluctuating ends of overlapping microtubules,
the results presented herein are only valid for localizations within
the overlap and away from the microtubule tips.

PALM imaging within immotile regions of microtubule
bundles showed the definite localization of MAP65-2
crossbridges with outstanding resolution and, most importantly,
the discontinuous manner of MAP65-2 decoration as roughly

shown by 2D SIM and ACLSM. In our work we could
not observe a global periodicity of localized mEos3.2-
MAP65-2, compared to TEM observations of reconstituted
microtubule bundles. We believe that there might be three
reasons for this: (a) not all mEos3.2-MAP65-2 were localized
during the acquisition time series, (b) mEos3.2-MAP65-
2 is buffered by endogenous MAP65-2 and (c) unlabeled
crossbridges may be formed by other members of the
MAP65 family such as MAP65-1 (which has overlapping
localization with MAP65-2; Lucas et al., 2011) or MAP65-5
(van Damme et al., 2004).

Similar results in terms of precision of localization were
obtained when visualizing eGFP-MAP65-2 under conditions
of high irradiance with the 488 nm laser and concomitant
excitation with the 405 nm line. In terms of efficiency, the photon
frequencies necessary for a certain precision of localization were
much higher in the case of mEos3.2 photoconverters compared to
eGFP molecules with fluctuating intensity. However, in the latter
case, precision of localization was roughly similar to that achieved
by mEos3.2 photoconversion in much narrower time frames.

Based on our preliminary results, the sparse detection of spot
duplets by PALM and the separation distance between individual
spot of the duplets, we postulate that these might represent
resolved dimers of MAP65-2. The two mEos3.2 moieties of
a presumable mEos3.2-MAP65-2 dimer can be separated at a
physical distance within the resolution potential of PALM. The
robust detection of dimers vs. monomers requires a fluorescent
tag with low duty cycle (i.e., the ratio of time spent in the
on state vs. the time spent in the off state) and high contrast
between the two states in order to avoid overlaps during
the detection. Apparently, mEos3.2 fulfils such prerequisites
(duty cycle of mEos3.2 is 3 × 10−6 and contrast is 200;
Li and Vaughan, 2018) and work is under way to map the
oligomerization state of MAP65-2. In this direction, it will be
necessary to address the composition of microtubular bundles
by multichannel localization of differentially tagged MAP65
isoforms. Further studies awaiting next generation microscopic
technologies will help to decipher the topology of MAP65
crossbridging of microtubules in diverse plant microtubule arrays
that rely on MAP65-mediated bundling, such as biased parallel
cortical microtubule arrays, but especially robust 3-D structures,
namely preprophase band, mitotic spindle and phragmoplast.
More importantly, the recent release on new SIM platforms
allowing faster and more light-efficient imaging at multiple
channels (commented in Vavrdová et al., 2019b), will help
to dynamically address the process of bundle formation in
the cortical cytoplasm in plants co-expressing microtubule and
various isoform-specific MAP65 markers.

The possibilities of multichannel PALM will facilitate
colocalization studies of either microtubules and single
MAP65 isoforms, or the spatial relation between different
MAP65 isoforms that may redundantly localize within the
same microtubule bundle. TIRF-SIM as well as the recent
implementation of lattice SIM in commercially available system
(see Komis et al., 2018) allow the high speed tracking of
microtubule dynamics and particularly the latter modality
is constructed to permit multicolor imaging at very high
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frame rates. Unfortunately lattice SIM is limited to the same
resolution range as standard SIM used herein, so it will
not able to discriminate between microtubules and MAP65
crossbridges. However, the lattice SIM system may be suitable
for the volumetric dynamic colocalization of microtubules and
different MAP65 isoforms a task currently impossible for most
SIM modalities existing today. The intrabundle dynamics of
individual MAP65 molecules may be addressed by single particle
tracking PALM, which is a goal for the immediate future.

Another limitation of the methods presented herein, is related
to the duration of observations. As mentioned before, many
events leading to microtubule reordering occur over time and
their successful documentation requires excitation light inputs
that will not harm the sample. The SIM (and the TIRF-SIM)
modalities used herein are likely prone to phototoxicity-related
artifacts and cell damage and this is why imaging sequences
were time limited. Although this is beyond the scope of
the present study, it will be a future goal to investigate the
potential of Airyscan CLSM to this respect since by principle
of detection, it does not require a high laser input to achieve
superresolution output.
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‘Plants as a tool for sustainable global development’
(CZ.02.1.01/0.0/0.0/16_019/0000827).

ACKNOWLEDGMENTS

We cordially acknowledge Dr. Teng-Leong Chew, Dr. Jesse
Aaron, and Dr. Satya Kuon for organizing all aspects of the
research visit of GK and MO, to the Janelia Research Campus

(Howard Hughes Medical Institute, Ashburn, United States) and
for guidance and advice during experiments conducted with
TIRF-SIM. In this case subsistence and bench expenses were
defrayed by funds from the HHMI and the Moore Foundation.
We thank Assoc. Prof. Sidney Shaw from the Indiana University
for providing proCaMV35S::TUA6:GFP line; Prof. Geoffrey
Wasteneys from the University of British Columbia for providing
the pUBQ1::mRFP:TUB6 line; Prof. Tsuyoshi Nakagawa from
the Shimane University for kindly providing us with vector
pGWB502; Dr. David Zalabák from Palacký University Olomouc
for his kind gift of Col-0 cDNA and for his suggestions on
selection of A. thaliana primary transformants. Finally, we
thank Dr. Yilmaz Niyaz (Zeiss, Oberkochen, Germany) for
helpful advice on SMLM.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00693/
full#supplementary-material

FIGURE S1 | Resolving details of cortical microtubules with mRFP-TUB6 marker
or MAP65-2 decoration of cortical microtubules with tagRFP-MAP65-2. The signal
of mRFP-TUB6 and tagRFP-MAP65-2, respectively, was observed in hypocotyl
epidermal cells of Arabidopsis by means of ACLSM and/or SIM. (A) Overview
image from ACLSM (objective 63×/1.40 NA) showing mRFP-TUB6; the boxed
area is shown in (B). The white line in (B) presents a perpendicular profile, for
which normalized intensity measurement is shown in (C). (D) Presents quantitative
analysis of the resolution of individual TUB6-labeled microtubules by ACLSM. The
graph represents averaged, coaligned, and normalized intensity profiles (N = 35;
FWHM – full-width at half maximum). (E) Overview image from ACLSM (objective
63×/1.40 NA) showing tagRFP-MAP65-2; the boxed area is displayed in (F). The
white line in (F) presents a perpendicular profile, for which normalized intensity
measurement is shown in (G). (H) Presents quantitative analysis of the resolution
of MAP65-2-labeled microtubule bundles by ACLSM. The graph represents
averaged, coaligned, and normalized intensity (N = 47). (I) Overview image from
SIM (objective 63×/1.40 NA) showing tagRFP-MAP65-2; the boxed area is
displayed in (J). The white line in (J) presents a perpendicular profile, for which
normalized intensity measurement is shown in (K). (L) Presents quantitative
analysis of the resolution of MAP65-2-labeled microtubule bundles by SIM. The
graph represents averaged, coaligned, and normalized intensity profiles (N = 43).
Scale bars = 2 µm.

FIGURE S2 | Comparison of resolving details of cortical microtubules or MAP65-2
decoration of cortical microtubules by employing TUA6-GFP, mRFP-TUB6,
eGFP-MAP65-2 or tagRFP-MAP65-2 and by the means of ACLSM or SIM
platform. (A–D) Boxplots present the full-width at half maximum (FWHM) values.
(A) Comparison of TUA6-GFP and mRFP-TUB6 imaged by ACLSM. (B,C)
Resolution reached by either ACLSM (B) or SIM (C) for eGFP-MAP65-2 and
tagRFP-MAP65-2. (D) Comparison of resolution reached by ACLSM or SIM for
tagRFP-MAP65-2. (A–E) For statistical analysis, Mann–Whitney U test was used
(∗∗∗ significant at p 0.001, ns, not statistically significant) and the results are in (E),
where M is median and U is result of Mann–Whitney test. Description of box plot:
average is represented by ×, median by the middle line, 1st quartile by the bottom
line, 3rd quartile by the top line; the whiskers lie within the 1.5× interquartile range
(defined from the 1st to the 3rd quartile), outliers are marked by points.

TABLE S1 | List of primers used for cloning.

VIDEO S1 | Full frame ACLSM video corresponding to Figure 7.

VIDEO S2 | Full frame 2D SIM video corresponding to Figure 8.

VIDEO S3 | Full frame TIRF-SIM video corresponding to Figure 9.
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Progression of mitosis and cytokinesis depends on the reorganization of cytoskeleton, 
with microtubules driving the segregation of chromosomes and their partitioning to two 
daughter cells. In dividing plant cells, microtubules undergo global reorganization 
throughout mitosis and cytokinesis, and with the aid of various microtubule-associated 
proteins (MAPs), they form unique systems such as the preprophase band (PPB), the 
acentrosomal mitotic spindle, and the phragmoplast. Such proteins include nucleators 
of de novo microtubule formation, plus end binding proteins involved in the regulation of 
microtubule dynamics, crosslinking proteins underlying microtubule bundle formation and 
members of the kinesin superfamily with microtubule-dependent motor activities. The 
coordinated function of such proteins not only drives the continuous remodeling of 
microtubules during mitosis and cytokinesis but also assists the positioning of the PPB, 
the mitotic spindle, and the phragmoplast, affecting tissue patterning by controlling cell 
division plane (CDP) orientation. The affinity and the function of such proteins is variably 
regulated by reversible phosphorylation of serine and threonine residues within the 
microtubule binding domain through a number of protein kinases and phosphatases 
which are differentially involved throughout cell division. The purpose of the present review 
is to provide an overview of the function of protein kinases and protein phosphatases 
involved in cell division regulation and to identify cytoskeletal substrates relevant to the 
progression of mitosis and cytokinesis and the regulation of CDP orientation.

Keywords: microtubules, microtubule-associated proteins, mitotic spindle, phragmoplast, protein kinase,  
protein phosphatase

INTRODUCTION

Owing to their sedentary life style and their encasement within the barriers of rigid cell walls, 
plant cells adopted unique mechanisms for regulating fundamental eukaryotic processes such 
as cell division and cell division plane (CDP) orientation establishment (reviewed in Buschmann 
and Zachgo, 2016). In this respect, plant cells developed unique microtubule-based cytoskeletal 
structures which underlie the above processes. CDP orientation is marked by a plant-specific 
cortical microtubule ring, the preprophase band (PPB; Pickett-Heaps and Northcote, 1966) 
which determines spindle positioning (Schaefer et  al., 2017) and coincides with the plane 
of  cell  plate  deposition during cytokinesis (cell plate fusion site; CPFS; Marcus et  al., 2005). 
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The PPB exhibits a progressive narrowing and finally it disassembles 
shortly after the mitotic spindle is formed; however, the cortical 
site which was occupied by the PPB is marked by specific 
proteins throughout mitosis in a continuous or intermittent 
manner (e.g., Buschmann et  al., 2006; Walker et  al., 2007).

The plant mitotic spindle starts to assemble before nuclear 
envelope breakdown and in contrast to the mammalian or 
yeast spindle, and it forms in the absence of microtubule 
organizing center (reviewed in Buschmann and Zachgo, 2016).

Cytokinesis is hallmarked by the formation of another plant 
specific microtubule machinery, the phragmoplast. It is formed 
at the end of telophase between the reconstituting daughter 
nuclei. It comprises two sets of antiparallel microtubules, and 
it expands centrifugally toward the cell periphery. During its 
expansion, it guides the deposition of the cell plate until the 

latter merges with the parent cell wall, after which the 
phragmoplast disintegrates (Chen et  al., 2018).

Throughout the cell cycle, precise temporal and spatial 
regulation of microtubule organization and dynamics is required 
for the formation, proper function, and structural transitions 
of these cytoskeletal structures (Dhonukshe and Gadella, 2003). 
Such regulation is achieved via microtubule-associated proteins 
(MAPs) involved in microtubule organization and dynamics. 
Among these proteins belong motor proteins from the kinesin 
(Müller et  al., 2006; Lipka et  al., 2014; Buschmann et  al., 
2015; de Keijzer et  al., 2017) and the myosin superfamilies 
(Wu and Bezanilla, 2014), plus end-binding proteins and 
microtubule crosslinkers (Mao et  al., 2005; Beck et  al., 2010; 
Kohoutová et al., 2015; Lin et al., 2019). Many of such proteins 
exhibit a cell cycle dependent localization to mitotic and 

FIGURE 1 | MAPs, kinases, and phosphatases regulating mitotic MT structures. Mitosis begins with preprophase, in which cortical MTs reorganize in preprophase 
band (PPB). PPB disassembles at the onset of metaphase, during which spindle forms. At this time, the former site of PPB remains marked as a future cell plate 
fusion site (CPFS) by various MAPs. After segregation of chromatids, at the late anaphase, phragmoplast begins to form at the center of cell. Phragmoplast serves 
as a scaffold for building cell plate and as the construction continues, phragmoplast expands until it reaches CPFS. At the end, in two daughter cells, MTs rearrange 
into cortical microarrays. Abbreviations: AIR9, auxin-induced root cultures; AUR, aurora kinase; CDKA, cell division kinase A; CLASP, cytoplasmic linker associated 
protein; CPFS, cell plate fusion site; KAT, katanin; MAP65, microtubule-associated protein 65; MOR1, microtubule organization 1; MPK, mitogen-activated protein 
kinase; MT, microtubule; NEK, never in a mitosis A-related kinase; PP2A, protein phosphatase type 2A; POK, phragmoplast orienting kinesin; PPB, preprophase 
band; RanGAP1, Ran GTPase activating protein; TAN, tangled.
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cytokinetic microtubule systems (Figure 1), and at large this 
is differentially regulated by protein kinases and phosphatases 
which become activated/deactivated in a similar cell cycle 
dependent manner.

Many kinases were directly shown to associate with cytoskeletal 
systems (Weingartner et  al., 2001; Samaj et  al., 2002, 2004; 
Lee et  al., 2003; Oh et  al., 2005, 2012) and indirect 
pharmacological (e.g., Binarova et  al., 1996; Ayaydin et  al., 
2000) and subsequently more targeted studies (e.g., Mao et  al., 
2005; Brumbarova and Ivanov, 2016), establishing the functional 
reciprocity between protein kinases and cytoskeletal components. 
Plant microtubule systems can be targeted for phosphorylation-
pendant regulation of their components after environmental 
stimulation (e.g., Ban et  al., 2013; Bhaskara et  al., 2017), or 
in a developmental context, which is the aim of this review.

INVOLVEMENT OF MAPS IN THE 
ORGANIZATION OF MITOTIC 
STRUCTURES

From numerous plant proteins related to the regulation of 
microtubule organization and dynamics, some have been 
inadvertently associated with the progress of mitotic and 
cytokinetic microtubule arrays and were shown to be regulated 
by reversible phosphorylation. These proteins are involved in 
all aspects of microtubule organization and dynamics.

Microtubule nucleation factors such as γ-tubulin and TPX2 
(targeting protein for Xklp2) are essential for spindle formation 
and the establishment of spindle bipolarity (Petrovská et  al., 
2013), and it was suggested that they are regulated by mitogen-
activated protein kinase (MAPK, MPK) and/or Aurora kinase 
(AUR) phosphorylation (Petrovská et al., 2012; https://string-db.
org/cgi/network.pl?taskId=f13kHLYXYV1W). It is likely that 
γ-tubulin interacts with the FASS B″ subunit of protein 
phosphatase 2A (https://string-db.org/network/3702.AT5G18580.1; 
Figure 2). Notably, fass mutants exhibit altered geometry of 
microtubule nucleation at least in interphase microtubule arrays 
(Kirik et  al., 2012).

Microtubule dynamics are largely controlled by plus end 
binding proteins, including end-binding protein 1 isoforms 
(EB1a, b, and c; Komaki et  al., 2010), SPIRAL1 (Sedbrook 
et  al., 2004), CLASP (Ambrose et  al., 2007), and GPT1 and 
2 (growing plus-end tracking 1 and 2; Wong and Hashimoto, 
2017). The plant-specific isoform EB1c was shown to 
be phosphorylated by MPK6 (Figure 2; Kohoutová et al., 2015), 
however, without apparent functional implications. Similarly, 
phosphorylation of CLASP was demonstrated only in the context 
of conditional signaling (Brumbarova and Ivanov, 2016).

Microtubule bundling via the MAP65 proteins is essential 
for the formation of the central spindle, its subsequent 
reorganization into phragmoplast and for support of its centrifugal 
expansion (Chang et  al., 2005; Smertenko et  al., 2008, 2018; 
Herrmann et al., 2018). From the nine members of the Arabidopsis 
MAP65 family, only MAP65-1, -2, -3, and -4 have been associated 
with the progression of mitosis and cytokinesis (Chang-Jie and 
Sonobe, 1993; Chan et al., 1999; Caillaud et al., 2008). MAP65-1 

and MAP65-2 are nonessential as proven by the absence of 
cytokinetic phenotypes of single or double mutants (Lucas and 
Shaw, 2012). On the other hand, MAP65-3 and MAP65-4 
appear to be  essential for cytokinesis, in an additive manner 
(Müller et  al., 2004; Li et  al., 2017). MAP65-1 and MAP65-2 
proteins differentially colocalize with microtubules and mediate 
their bundling during interphase and preprophase (Murata 
et  al., 2013; Zhou et  al., 2017). However, they are excluded 
from the mitotic spindle until telophase. This suggests that 
their colocalization with microtubule structures is subjected 
to temporal control during cell division (Gaillard et  al., 2008). 
One possible mechanism controlling the differential localization 
of MAP65 proteins with mitotic microtubule systems is proteolytic 
degradation, since several map65 genes harbor a “destruction 
box” motif, which is a target for the ubiquitin degradation 
pathway. More importantly, at least MAP65-1, -2, and -3 are 
targeted for phosphorylation in their C-terminal microtubule 
binding domains by several kinases with cell cycle functions, 
such as cyclin-dependent kinases [CDKs (Smertenko et  al., 
2006), MAPKs (Kosetsu et  al., 2010; Smékalová et  al., 2014), 
and AURs (Boruc et  al., 2017)]. Generally, phosphorylation 
downregulates microtubule binding of MAP65s; therefore, it 
may represent the means to abolish their localization from 
the mitotic spindle. This is supported by mutagenesis studies, 
showing that change of the consensus CDK-targeted site of 
MAP65-1 causes its localization at the mitotic spindle (Mao 
et  al., 2005). As mentioned earlier, MAP65-1 and presumably 
MAP65-2 are nonessential for the mitotic and cytokinetic 
progress (Lucas and Shaw, 2012), and they may affect spindle 
and phragmoplast formation only when artificially overexpressed 
(Mao et  al., 2005). MAP65-3, on the other hand, is essential 
for cell plate formation, since its genetic depletion results in 
the formation of giant, multinucleated cells with incomplete 
cell walls. Similar cytokinetic phenotypes have been observed 
in anp2anp3 and mpk4 mutants, which are related to MAPK 
signaling. The above mutants show reduced but not abolished 
MAP65-3 expression (Beck et  al., 2010). In this case, it is 
speculated that the cytokinetic phenotype of anp2anp3 and 
mpk4 mutants maybe partially attributed to reduced 
phosphorylation of MAP65-3 (Beck et  al., 2010). MAP65-4 
alone has negligible cytokinetic phenotypes when depleted but 
contributes to the map65-3/pleiade phenotype in double mutants 
(Li et  al., 2017). Its spatial localization coincides with that of 
MAP65-3 at the PPB and the phragmoplast midzone. However, 
MAP65-4 exhibits persistent localization at the cortical division 
zone throughout mitosis, unlike MAP65-3 (Li et  al., 2017). 
Although the cytokinetic role of MAP65-4 was just recently 
described, it is also likely to be  regulated by phosphorylation. 
Its carboxyl-terminal region harbors proline-directed serine or 
threonine residues, which are predicted targets of CDKs and 
MAPKs (based on prediction using GPS2.1.2; Xue et al., 2008). 
It is also predicted to interact with AUR (https://string-db.org/
cgi/network.pl?taskId=qRfSrQ0dHJdK; Figure 2).

Several Arabidopsis microtubule motors of the kinesin 
superfamily, namely those related to the progress of mitosis and 
cytokinesis were shown to be regulated by phosphorylation. One 
example is the kinesin-like calmodulin-binding protein  (KCBP), 
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which is involved in the tethering of phragmoplast margins 
to the CPFS (Buschmann et al., 2015; Buschmann and Zachgo, 
2016). KCBP was shown to be  regulated by phosphorylation 
(Day et al., 2000; Humphrey et al., 2015). The mitotic kinesin 
NACK1 (NPK1-activating kinesin-like protein 1) is an activator 
of the NPK1-NQK1-NRK1 MAPK pathway in tobacco 
(similarly, its Arabidopsis homologue HINKEL also activates 
the ANP-MKK6-MPK4 MAPK pathway; Nishihama et  al., 
2002), which is involved in the regulation of cytokinesis. 
The interaction between NACK1 and NPK1 is negatively 
regulated by CDK phosphorylation in residues of both the 
motor domain and the stalk region of NACK1. CDKs also 
target the carboxyl-terminal regulatory domain of NPK1, 
which is engaged in NACK1-NPK1 interactions (Sasabe et al., 
2011a). Interruption of NACK1-NPK1 interaction by 
CDK-mediated phosphorylation abolishes the recruitment of 
the NPK1-NQK1-NRK1 module to the mitotic spindle. When 

CDK activity declines during late anaphase, then the NPK1-
NQK1-NRK1 module becomes localized to the phragmoplast 
(Sasabe et  al., 2011a).

Interactions of kinesin motors with protein kinases may 
be  reciprocal and may convey targeted transport or activity 
regulation to the kinase counterpart. For example, never in a 
mitosis (NIMA)-related kinase 6 (NEK6) is negatively regulated 
by the armadillo-repeat kinesin 1 (Eng et  al., 2017). Also, 
NACK1 (and its Arabidopsis homologue HINKEL) directly 
activates the NPK1 MAPKKK (and its Arabidopsis homologues 
ANP1, 2, and 3; Nishihama et al., 2002; Takahashi et al., 2010).

Microtubule severing by the Arabidopsis KATANIN1 (Komis 
et al., 2017; Panteris et al., 2018) has not been shown to be regulated 
by phosphorylation yet. Moreover, the p60 catalytic subunit of 
the katanin holoenzyme is suspected to interact with FASS (https://
string-db.org/cgi/network.pl?taskId=jBYrCeTF9nPv; Figure 2). In 
animals, phosphorylation is a major mechanism for the exclusion 

FIGURE 2 | A speculative network of protein kinases (green), phosphatases (red), and targeted cytoskeletal proteins (blue) based on either published interaction 
studies (full arrows) or in silico predictions (dashed arrows; see text for more details). Lower panel shows mitotic stages which are regulated by the above network of 
interactions.
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of katanin activity from the mitotic spindle and connected to 
spindle sizing (Loughlin et  al., 2011; Whitehead et  al., 2013).

Apart from several MAPs that have been proven or predicted 
to be  regulated by phosphorylation, tubulin has also been 
identified as a target of the atypical kinase domain of the 
protein phosphatase PROPYZAMIDE HYPERSENSITIVE 1 
(PHS1; Fujita et  al., 2013). So far, tubulin phosphorylation is 
related to conditional microtubule depolymerization (Ban et al., 
2013), but it will be of interest to identify tubulin phosphorylation 
as a regulator of mitotic microtubule transitions.

KINASES REGULATING MAP ACTIVITY

Since MAPs play a role in microtubule dynamics while being 
regulated by reversible phosphorylation, kinases and phosphatases 
are master regulators of microtubule reorganization throughout 
cell cycle. Several kinases were implicated in phosphorylating 
MAPs, namely CDKs, AURs, MAPKs, and NEKs.

Since CDKs are master regulators of cell cycle progression, 
they are also implicated cell cycle-dependent cytoskeletal 
reorganizations (Costa, 2017). The mode of action on CDKs 
on the microtubule cytoskeleton of dividing cells is not well 
understood, since the only known cytoskeletal CDK substrate 
is NACK1 kinesin (Sasabe et  al., 2011a), while MAP65-1 was 
only shown in vitro to be phosphorylated by CDK (Smertenko 
et  al., 2006). Localization observations and pharmacological 
and genetic evidence favor the implication of CDK in regulating 
microtubules. For example, Arabidopsis CDK was shown to 
colocalize with PPB, spindle, and phragmoplast (Stals et  al., 
1997). Second, plant CDKs were found to participate in 
regulating mitotic microtubule structures (Weingartner et  al., 
2001). Third, CDKs are known to regulate microtubule dynamics 
by phosphorylating animal homologues of plant MAPs (Ookata 
et  al., 1997; Vasquez et  al., 1999). Last, several plant MAPs 
contain a CDK phosphorylation site (Hussey et  al., 2002; 
Smertenko et  al., 2006). CDKs may be  also involved in 
CDP  orientation through the phosphorylation of cytoskeletal 
markers of the cell division zone such as the microtubule 
binding protein TANGLED1 (https://string-db.org/cgi/network.
pl?taskId=4lbkQFdWZfbv; Figure 2).

Apart from CDKs, Aurora kinases are another component 
of cell cycle progression machinery. These Ser/Thr kinases are 
on lower hierarchical position than CDKs (Schecher et  al., 
2017). They themselves are regulated by phosphorylation and 
ubiquitin-dependent proteolysis (Castro et  al., 2002a,b). 
Therefore, they are known to play a more direct role in 
cytoskeleton rearrangements than CDKs (Ritchey and 
Chakrabarti, 2014). In plants, not only do they associate with 
mitotic structures (Demidov et al., 2005) but also they interact 
with MAPs (Boruc et  al., 2017). Since AUR does not possess 
microtubule-binding domains, its colocalization with mitotic 
structures is most likely related to its functional interactions 
with MAPs (Petrovská et  al., 2012; Tomaštíková et  al., 2015). 
Out of three members of Aurora kinase family in Arabidopsis 
(Kawabe et  al., 2005), two of them, AUR1 and AUR2, are 
essential for regulating the orientation of formative cell divisions 

throughout plant ontogenesis (Van Damme et  al., 2011). AUR 
phosphorylates MAP65-1 during metaphase (Boruc et al., 2017); 
however, the strength of AUR control over MAP65-1 is 
significantly weaker compared with the effect of another kinase, 
MAPK. Therefore, a hypothesis was presented, according to 
which the direct control of AUR over MAP65-1 is mild, yet 
the phosphorylation of MAP65-1 by AUR promotes 
phosphorylation by other kinases. This is in line with the 
observation that regulation of many eukaryotic proteins depends 
on multisite phosphorylation (Cohen, 2000; Repetto et  al., 
2018). Prediction studies show that other cytoskeletal regulators 
of mitosis and especially of CDP orientation like POK2 may 
interact and become regulated by Aurora kinases (https://
string-db.org/cgi/network.pl?taskId=f13kHLYXYV1W; Figure 2).

MAPKs are well known to phosphorylate MAPs (Hoshi 
et  al., 1992; Shiina et  al., 1992). In Arabidopsis, MPK4 and 
MPK6 phosphorylate proteins from MAP65 family (Smertenko 
et  al., 2006; Sasabe et  al., 2011b; Smékalová et  al., 2014; 
Zhou et  al., 2017), and MPK6 also phosphorylates EB1c 
(Kohoutová et  al., 2015). MAPKs are governed by MAPK 
kinases (MAPKKs), which, in turn, are regulated by MAPKK 
kinases (MAPKKKs). In plants, two MAPK signaling cascades 
were implicated in regulating microtubule dynamics during 
cell division and described in detail as follows. A third 
pathway which involves the MAPK MPK18 and the MAPK 
phosphatase PROPYZAMIDE HYPERSENSITIVE 1 (PHS1) 
is somehow elusive without knowledge on microtubule-
associated substrates which may justify their role in microtubule 
regulation (Naoi and Hashimoto, 2004; Walia et  al., 2009; 
Fujita et al., 2013). However, the role of PHS1 may be broader 
since it is presumably interacting and deactivating other 
MAPKs as well, including MPK3 and MPK6 (https://string-db.
org/cgi/network.pl?taskId=j8pmY8S1UlbB; Figure 2).

The first MAPK cascade described to play a role in 
microtubule reorganization was the NACK-PQR pathway 
(Calderini et  al., 1998, 2001; Bögre et  al., 1999; Nishihama, 
2001). In Arabidopsis, this pathway consists of ANP2/ANP3 
(Arabidopsis nucleus and phragmoplast-localized kinase, 
MAP3K), MKK6, and MPK4/MPK6 (Krysan et  al., 2002; 
Strompen et  al., 2002), and it plays a crucial role during 
phragmoplast and cell plate formation (Takahashi et al., 2010). 
It affects the organization of mitotic structures via reversible 
phosphorylation of MAP65 proteins (Beck et  al., 2010). 
Interestingly, activation of this MAP3K is negatively regulated 
by CDKs (Sasabe et al., 2011a). Moreover, CDKs also interfere 
with MAPK phosphorylating MAP65-1, since the single MAPK 
targeting motif in MAP65-1 overlaps with a CDK targeting 
site (Smertenko et al., 2006). In conclusion, this MAPK cascade 
controls microtubule organization and dynamics during 
phragmoplast and cell plate formation, and the temporal 
regulation of this module is facilitated by CDKs.

The other plant MAPK pathway, which is integral to cell 
division directionality, consists of YODA (YDA, MAP3K), 
MKK4/MKK5, and MPK3/MPK6. YODA is implicated in 
several types of asymmetrical divisions, e.g., first division of 
zygote and stomatal development (Lukowitz et  al., 2004; 
Bergmann et al., 2004). However, the characterization of YODA 
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mutants revealed its function in CDP orientation of regular 
cell divisions underlying tissue patterning of vegetative organs 
such as the root (Müller et al., 2010; López-Bucio et al., 2014). 
These observations are further supported by microscopic studies, 
which proved MPK6 colocalization with mitotic microtubule 
structures (Müller et  al., 2010; Smékalová et  al., 2014; Komis 
et  al., 2018). Interaction studies showed that MAP65-1 is 
interacting with MPK6 and possibly phosphorylated by it 
(Smékalová et  al., 2014). Interestingly, knockout mutants of 
YDA have deregulated transcript levels of CPFS markers 
(specifically TAN and phragmoplast orienting kinesin 1). 
Therefore, YODA may be  involved at multiple levels of CPFS 
orientation (Smékalová et  al., 2014).

The last family of kinases involved in regulation of mitotic 
microtubule structures is NEKs. This family of Ser/Thr protein 
kinases is highly conserved in eukaryotes, where it supervises 
crucial points in mitosis and cell division (O’Connell et  al., 
2003; Brieño-Enríquez et  al., 2017). In plants, NEKs were 
shown to regulate cortical microtubules and, in turn, to affect 
cell expansion, organ growth, and stress responses (Vigneault 
et  al., 2007; Agueci et  al., 2012; Takatani et  al., 2017). As 
for their role in rearrangement of microtubules during mitosis, 
NEK6 is known to associate with spindle and phragmoplast 
(Motose et  al., 2011), but its function remains obscure.

PROTEIN PHOSPHATASES REGULATING 
MAP ACTIVITY

The reversibility of phosphorylation is ensured by cooperation 
between kinases and phosphatases. Numerous protein 
phosphatases were found in plants, with Ser/Thr specific 
phosphoprotein phosphatases (PPPs) being a prominent group 
among them. PPPs encompass large number of proteins, which 
can be  grouped in several protein families. Three of these 
families were implicated to regulate microtubule dynamics 
during cytokinesis (Samofalova et  al., 2017).

Type one protein phosphatases (TOPPs, also called PP1s) 
were predicted to be part of cell cycle regulation (Farkas et  al., 
2007; Boyer and Simon, 2015), which is supported by finding 
putative CDK recognition sites (Kwon et  al., 1997) as well as 
noting crucial role of animal PP1s in cell cycle progression 
(Rodrigues et al., 2015). However, the functions of these proteins 
were not comprehensively studied to this date.

More progress was achieved in solving the function of protein 
phosphatase type 2A (PP2A). These PPs consist of three subunits—
scaffolding (A), regulatory (B), and catalytic (C). They were 
characterized in both monocots (Wright et  al., 2009) and dicots 
(Camilleri et  al., 2002). Moreover, their animal homologs were 
found to be  essential for regulating microtubule structures in both 
meiosis and mitosis (Tang et  al., 2016; Enos et  al., 2017; Varadkar 
et  al., 2017). In plants, PP2A controls organization and dynamics 
of both cortical and mitotic microtubules (Figure 1; Camilleri et al., 
2002; Yoon et  al., 2018). This view is supported by observing 
knockout mutants displaying abnormal arrangement of cortical 
microtubules and severe problems with PPB formation and cell 
division plane orientation (Torres-Ruiz and Jurgens, 1994; Traas 

et  al., 1995; McClinton and Sung, 1997). During mitosis, PP2A 
forms a complex with tonneau 1 (TON1) and TON1 recruiting 
motif proteins (TRMs) (Spinner et  al., 2013). TON1 and TRMs 
recruit this complex to site where PPB forms (Drevensek et  al., 
2012), and there the complex governs PPB development. As it 
remains at this site even after PPB disassembly, it is possibly involved 
in CPFS maintenance (Wright et al., 2009). Targets of PP2A-driven 
dephosphorylation could be  MAPs marking cytokinetic structures 
(specifically MOR1, TON1, and CLASP; Twell et al., 2002; Kawamura, 
2005; Xu et al., 2008; Ambrose et al., 2011). PP2A could temporally 
and spatially restrict common MAP activities and this would allow 
microtubule stabilization and formation of PPB (Walker et al., 2007; 
Wright and Smith, 2007; Lipka et  al., 2015).

Metallo-dependent protein phosphatases (PP2C) might be part 
of cell division machinery as well, since knockout mutants 
display improper cell division orientation (Song et  al., 2006). 
These phosphatases are also implicated in regulating MAPKs 
and CDK (Meskiene et  al., 1998; Umbrasaite et  al., 2010). 
Currently, their role in cortical microtubule rearrangement in 
response to environmental stimuli has been explored (Bhaskara 
et  al., 2017; Qu et  al., 2018). However, details on how PP2C 
is integrated into the regulatory network of cytokinesis 
remain undisclosed.

Although plenty of research has been done in elucidating 
the role of kinases in microtubule reorganization during cell 
cycle, phosphatases involved in these events remain largely 
understudied. The cause of this lies mainly in the fact that 
these phosphatases form multiprotein complexes, which is a 
serious challenge for both analysis and evaluation. Nevertheless, 
the current advances in understanding the role of PP2A in 
regulating microtubule dynamics shows it is not an 
impossible task.

CONCLUSIONS/FUTURE DIRECTIONS

In summary, reversible phosphorylation of several different 
MAPs is essential for regulating microtubule dynamics and 
organization during the plant cell division. The affinity of MAPs 
for microtubules can be  downregulated or restored pending 
on their phosphorylation status. To this extend, several protein 
kinases and phosphatases have been shown to target cytoskeletal 
proteins with various roles in the regulation of mitotic spindle 
and phragmoplast assembly and progression. However, many 
questions remain unanswered and are expected to be addressed 
in the near future:

 1. How phosphorylation may affect microtubule nucleation 
during acentrosomal mitotic spindle formation?

 2. Is phosphorylation related to the transition from PPB to 
mitotic spindle?

 3. How phosphorylation really controls microtubule bundling 
during phragmoplast expansion?

 4. Which phosphatases are reinstating microtubule binding of 
MAP65 proteins?

 5. Which mechanisms allow the regulation of the same 
cytoskeletal proteins (e.g., MAP65-1, -2, and -3) by different 
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protein kinases (e.g., MPK4 and MPK6 or auroras) with a 
different biological outcome (i.e., progression of cytokinesis 
and CDP orientation, respectively)?

 6. How global phosphoproteomics analyses will help to decipher 
reversibly phosphorylatable cytoskeletal substrates in model 
cell suspension systems that can be  synchronized?

 7. How differential (phospho)proteomics comparing wild types 
with protein kinase/phosphatase mutants will advance our 
knowledge in the identification of cytoskeletal substrates?
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METHODOLOGY

Multicolour three dimensional structured 
illumination microscopy of immunolabeled 
plant microtubules and associated proteins
T. Vavrdová, O. Šamajová, P. Křenek, M. Ovečka, P. Floková, R. Šnaurová, J. Šamaj and G. Komis* 

Abstract 

Background: In the present work, we provide an account of structured illumination microscopy (SIM) imaging 
of fixed and immunolabeled plant probes. We take advantage of SIM, to superresolve intracellular structures at a 
considerable z-range and circumvent its low temporal resolution capacity during the study of living samples. Further, 
we validate the protocol for the imaging of fixed transgenic material expressing fluorescent protein-based markers of 
different subcellular structures.

Results: Focus is given on 3D imaging of bulky subcellular structures, such as mitotic and cytokinetic microtubule 
arrays as well as on the performance of SIM using multichannel imaging and the quantitative correlations that can be 
deduced. As a proof of concept, we provide a superresolution output on the organization of cortical microtubules in 
wild-type and mutant Arabidopsis cells, including aberrant preprophase microtubule bands and phragmoplasts in 
a cytoskeletal mutant devoid of the p60 subunit of the microtubule severing protein KATANIN and refined details of 
cytoskeletal aberrations in the mitogen activated protein kinase (MAPK) mutant mpk4. We further demonstrate, in a 
qualitative and quantitative manner, colocalizations between MPK6 and unknown dually phosphorylated and acti-
vated MAPK species and we follow the localization of the microtubule associated protein 65-3 (MAP65-3) in telophase 
and cytokinetic microtubular arrays.

Conclusions: 3D SIM is a powerful, versatile and adaptable microscopy method for elucidating spatial relation-
ships between subcellular compartments. Improved methods of sample preparation aiming to the compensation of 
refractive index mismatches, allow the use of 3D SIM in the documentation of complex plant cell structures, such as 
microtubule arrays and the elucidation of their interactions with microtubule associated proteins.

Keywords: Immunofluorescence, Microtubules, Microtubule associated proteins, Structured illumination microscopy
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publi cdoma in/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Fluorescence microscopy, is the most powerful method 
to specifically interrogate subcellular infrastructure and 
the dynamics of distinct compartments and macromo-
lecular assemblies [9]. Depending on the various con-
focal or widefield platforms that exist and the labeling 
strategies employed, it is possible to address intracellular 

architecture and dynamics of specific compartments at a 
wide range of spatiotemporal resolution (e.g., [24, 36]).

The need of imaging subcellular architecture, neces-
sitates microscopy approaches with adequate resolv-
ing power at all three dimensions, since many such 
structures occupy a significant volume. 3D imaging has 
to cope with issues of light scattering due to refractive 
index mismatches and out-of-focus signal (e.g., [56]). 
Confocal laser scanning microscopy (CLSM), is being 
routinely used for 3D imaging, as it provides optical sec-
tioning and exclusion of out-of-focus light by means of an 
adjustable pinhole [19]. However, CLSM in practice has 
very poor resolving capacity that may be slightly below 
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300 nm at the XY-plane and more than twice as much at 
the Z-dimension depending on the excitation light wave-
length, the numerical aperture of the collecting objective 
and the pinhole settings (e.g., [8, 19, 24] and references 
therein), while for volumetric imaging, CLSM is time 
limited, although this issue is currently circumvented 
with resonant scanning at the expense of spatial resolu-
tion [19].

The diffraction limitations of widefield or confocal 
scanning fluorescence microscopy methods have been 
overcome to a considerable extend by different superres-
olution modalities [23, 24]. Such methods, convey struc-
tural information below Abbe’s diffraction limits, either 
by patterned light illumination strategies (such as struc-
tured illumination microscopy, SIM; [15], or stimulated 
emission depletion microscopy, STED; [16]), while others 
exemplified by photoactivation localization microscopy 
(PALM; [7]) and the closely related stochastic optical 
reconstruction microscopy (STORM; [41]), utilize photo-
chemical properties of fluorophores and highly sensitive 
acquisition systems to improve the precision of localiza-
tion of individual molecules. The dimensional resolution 
using such methods can be isotropic (as is the case with 
STED and PALM/STORM), or slightly inferior at the 
Z-dimension (as in the case of SIM; [23]).

Within limits, all superresolution methods are able to 
resolve subcellular structures in living cells labeled with 
genetically encoded fluorescent markers but they differ 
in both terms of temporal resolution and their effective 
z-range.

Unlike TIRF-based methods such as PALM or 
dSTORM, SIM is a widefield approach that can 
offer superresolution at large fields of view (FOVs). 
This allows imaging of considerable tissue areas and 
facilitates quantitative deductions of the subcellu-
lar distribution of organelles in many cells. Moreover, 
employment of 3D-SIM via commercially available 
SIM platforms can offer an effective z-range of more 
than 10 μm (e.g., [55]), allowing the documentation of 
voluminous subcellular structures such as interphase 
nuclei [13, 26, 47, 49–51], mitotic chromosomes [1, 3, 
29, 39, 48], the meiotic and mitotic spindle [29, 57], 
or plasmodesmata organization [14] with a z-resolu-
tion which can be easily half that of CLSM (reviewed 
in [42]). In all commercially available SIM platforms, 
volumetric imaging is limited by the temporal compo-
nent, suggesting that imaging of structures occupying 
considerable volumes, is best done in stabilized and 
appropriately labeled cells. Until recently, commercial 
SIM platforms (including Zeiss Elyra S.1, Nikon NSIM 
and Deltavision OMX), presented limitations in the 
extend of volumetric imaging, either with restrictions 

of the z-range (which for all platforms is between 5 and 
15  µm), acquisition speed (which can be very limiting 
for volumetric imaging), or channel range which can 
be visualized (e.g., the configuration of Elyra S.1 allows 
only one camera by default meaning that multichannel 
imaging requires time consuming sequential acquisi-
tion). Such problems have been largely resolved with 
the new generation SIM microscopes such as the Zeiss 
Elyra 7 and the Deltavision OMX SR. By using unique 
modes of illumination (e.g., with lattice illumination 
in Elyra 7 and interferometric light pattern generation 
in the Deltavision OMX SR) and default configura-
tions which may include from 2 up to 4 cameras, they 
allow very high acquisition frame rates (between 255 
fps for Elyra 7 and 400 fps for OMX SR) and simulta-
neous multichannel imaging, suitable for high-through-
put volumetric imaging of multiple labeled samples at 
affordable time scales (https ://www.zeiss .com/micro 
scopy /int/produ cts/elyra -7-with-latti ce-sim-for-fast-
and-gentl e-3d-super resol ution -micro scopy .html; https 
://www.gelif escie nces.com/en/us/shop/cell-imagi ng-
and-analy sis/high-and-super -resol ution -micro scope 
s/instr ument s/delta visio n-omx-sr-imagi ng-syste m-p-
03020 ). It should be noted, however, that SIM relies on 
computer-assisted image reconstruction which is prone 
to several errors that might arise from the quality of the 
sample and principally from insufficient signal-to-noise 
ratios (e.g., due to poor labeling, high background etc.). 
Most notably, 3D-SIM is prone to artefactual recon-
struction owing to spherical aberrations [2, 12, 25] 
from refractive index mismatches in the optical path.

We have routinely used and established protocols for 
live cell imaging of plant cells expressing fluorescent 
protein-based markers of different subcellular struc-
tures in order to extrapolate and quantify dynamic fea-
tures of microtubules, actin filaments and endoplasmic 
reticulum among others [22, 24, 25]. Imaging of fixed 
and immunolabeled samples offers the advantage of 
signal amplification compared to fluorescent proteins 
and allows the elucidation of details in subcellular 
architecture that would have escaped the capacity of 
live cell imaging. We show case studies as proofs-of-
principle on the efficiency of the preparatory labeling 
protocol, and potential biological outputs of 2-D, 3-D 
and multichannel SIM imaging. In particular, we show 
how 2D SIM can be used to resolve and quantify the 
organization of widespread intracellular structures 
such as cortical microtubules, the potential of 3D SIM 
to document subcellular structures with considerable 
three dimensional occupancy, and some applications of 
multichannel imaging with emphasis on the use of mul-
ticolor SIM in colocalization experiments.

https://www.zeiss.com/microscopy/int/products/elyra-7-with-lattice-sim-for-fast-and-gentle-3d-superresolution-microscopy.html
https://www.zeiss.com/microscopy/int/products/elyra-7-with-lattice-sim-for-fast-and-gentle-3d-superresolution-microscopy.html
https://www.zeiss.com/microscopy/int/products/elyra-7-with-lattice-sim-for-fast-and-gentle-3d-superresolution-microscopy.html
https://www.gelifesciences.com/en/us/shop/cell-imaging-and-analysis/high-and-super-resolution-microscopes/instruments/deltavision-omx-sr-imaging-system-p-03020
https://www.gelifesciences.com/en/us/shop/cell-imaging-and-analysis/high-and-super-resolution-microscopes/instruments/deltavision-omx-sr-imaging-system-p-03020
https://www.gelifesciences.com/en/us/shop/cell-imaging-and-analysis/high-and-super-resolution-microscopes/instruments/deltavision-omx-sr-imaging-system-p-03020
https://www.gelifesciences.com/en/us/shop/cell-imaging-and-analysis/high-and-super-resolution-microscopes/instruments/deltavision-omx-sr-imaging-system-p-03020
https://www.gelifesciences.com/en/us/shop/cell-imaging-and-analysis/high-and-super-resolution-microscopes/instruments/deltavision-omx-sr-imaging-system-p-03020
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Results
Validation of the immunolabeling procedure
By carefully controlling fixation and enzymatic digestion 
of the cell walls, it was possible to maintain the cellular 
and tissue integrity of the root tip, to structurally pre-
serve microtubular appearance and integrity and to allow 
primary and secondary antibodies to diffuse through-
out the entire volume of the sample. By increasing the 
stringency of blocking by prolonging blocking time and 
using a combination of blocking agents (BSA and BSAc) 
it was possible to reduce background fluorescence and to 
increase signal-to-noise ratio (SNR) to levels adequate for 
high quality SIM imaging which is particularly important 
for diffusely distributed antigens such as MAPK species. 
Finally, the use of controlled RI mounting media ade-
quately compensated for spherical aberrations that may 
hamper SIM image acquisition at considerable RI mis-
matches during 3D acquisition.

Cortical microtubule organization in Col‑0, mpk4 
and ktn1‑2
Microtubule appearance, integrity and overall organiza-
tion is a classical example to demonstrate labeling effi-
ciency of a labeling and imaging process. For this reason 
we followed and documented microtubular structures in 
root whole-mount preparations by means of SIM. With 
optimized conditions of sample preparation, mounting 
and imaging, we acquired a series of images correspond-
ing to microtubule organization of interphase root cells 
in either wild-type Col-0 root tips, or in cells of ktn1-2 
and mpk4 mutants, in order to identify minute details 
that may underlie the phenotypes of the respective 
mutants and quantify microtubule angular distribution 
[5, 6, 21].

In interphase cells cortical microtubules are predomi-
nantly parallel to each other (Fig.  1a), showing a quite 
narrow angular distribution at angles perpendicular or 
slightly oblique with respect to the cell axis (Fig. 1b). In 
such cells of the ktn1-2 mutant, cortical microtubule 
systems are disorganized without a prevalent pattern 
(Fig. 1c) and this is also reflected by their broader angular 
distribution (Fig.  1d). Similarly, cortical microtubules of 
mpk4 root epidermal cells (Fig. 1e) are disorganized with-
out prevalent orientation which is again evident from 
their broad angular distribution (Fig. 1f ).

PPB organization in Col‑0 and ktn1‑2
In a previous study we followed the dynamic course of 
PPB formation and organization in ktn1-2 mutants which 
exhibit an aberrant cell division plane orientation. In that 
study we identified that PPB shows marked delays in its 
progressive narrowing and that this is accompanied by 

reduced clearing of cortical microtubules outside the 
PPB region [21]. Herein, we addressed PPB organization 
in fixed and immunolabeled preprophase root cells of 
Col-0 (Fig. 2a) and ktn1-2 mutant (Fig. 2b–e, g, h). Con-
sistent with absent severing activity owing to the lack of 
the p60 subunit of KATANIN, PPBs in ktn1-2 mutant 
appear considerably broader than those of Col-0 (Fig. 2b, 
c.f. Fig. 2a). In particular the PPB width of Col-0 prepro-
phase cells was 3 ± 0.9 µm (mean ± SD; N = 50) while in 
ktn1-2 mutants it was nearly twice as much (5.5 ± 2 µm; 
mean ± SD; N = 22). In all cases examined, the cortical 
cytoplasm surrounding the PPB area is populated with 
microtubules unlike what is observed in wild-type cells 
(Fig.  2b, c, e, g, c.f. Fig.  2a). Closer inspection of such 
cells showed that among others, the occurrence of such 
cortical microtubules is owing to excessive microtubule 
branching formation (Fig. 2c, d, g, h). Even at later stages 
when a clear bipolar spindle forms around the nucleus 
and the PPB is considerably narrower in Col-0 (Fig.  2b, 
c.f. Fig. 2a), the PPB of ktn1-2 remains broad as in earlier 
stages of its formation (Fig. 2e, g, c.f. Fig. 2f ).

Volumetric imaging of the mitotic spindle 
and the phragmoplast
Imaging of the mitotic spindle and the cytokinetic phrag-
moplast requires a considerable z-range capacity of the 
microscope since the spindle may expand at a depth of 
ca. 5  µm while the fully expanded phragmoplast may 
exceed 15–20 µm when it is occupying the entire circum-
ference of the cell. As discussed earlier, 3D-SIM is very 
much prone to reconstruction artefacts due to spherical 
aberrations [2, 12]. For the purpose of mitotic spindle 
and phragmoplast visualization by means of 3D-SIM, we 
mounted immunolabeled whole-mount preparations in 
a thiodiethanol-based mounting medium supplemented 
with paraphenylene diamine as an antifade agent, at a 
TDE concentration that approximates the refractive 
index of the glass and the immersion oil (i.e., ca. 97% v/v 
with RI ≈ 1.52; [54]). Other studies have reported that 
Vectashield mounting medium may be used for 3D SIM 
acquisitions at a z-range of approximately 10  µm ([51] 
and references therein; [4] and references therein).

In such immunolabeled root whole-mount prepara-
tions of Col-0 we were able to document all the stages of 
the mitotic spindle including prophase (Fig. 3a), promet-
aphase (Fig. 3b), metaphase (Fig. 3c), anaphase (Fig. 3d) 
and telophase (Fig.  3e) in the three dimensions. During 
cytokinesis, it was possible to follow all stages of phrag-
moplast formation (Fig. 3e–h). Owing to refractive index 
compensations it was possible to follow the entire vol-
ume of the mitotic spindle as exemplified by appropriate 
3D rendering (e.g., Figure  3i, j; Additional file  1: Video 
1 and Additional file  2: Video 2). Finally 3D-SIM was 



Page 4 of 17Vavrdová et al. Plant Methods           (2019) 15:22 

used to document an aberrant mitotic spindle of ktn1-2 
mutant with ectopic microtubule occurrence (Fig.  3k, l; 
Additional file 3: Video 3).

Detailed observation of early (Fig. 4a, b) or late (Fig. 4c, 
d) cytokinetic cells of ktn1-2 revealed the occurrence of 
multiple events of de novo branched formation of micro-
tubules within the phragmoplast (Fig.  4a, c, insets) and 
finally we documented abortive phragmoplasts of mpk4 
mutant (e.g., Fig. 4e).

Using SIM for colocalization studies
SIM might improve colocalization studies since its lat-
eral resolution is at least two-fold better than that of the 
CLSM. In the next sections we demonstrate examples of 
erroneous colocalizations deciphered by CLSM and how 
they are corrected by SIM, while we also show how SIM 
can provide spatial interrelations at minute details.

Localization of MAP65‑3 with cytokinetic microtubules
MAP65-3 is a microtubule crosslinking protein whose 
expression is restricted to mitotic stages, whereby it is 
associated conspicuously with telophase and cytokinetic 

Fig. 1 SIM imaging of cortical microtubules in Col-0, ktn1-2 and mpk4. a, b Cortical microtubules of Col-0 meristematic root epidermal cells are 
well organized in parallel cortical arrays (a) and are predominantly transverse to slightly oblique with respect to the cell axis (b). In meristematic 
root epidermal cells of ktn1-2 mutant cortical microtubules exhibit random orientations (c) which is reflected to their broad angular distribution (d). 
Similarly, cortical microtubules of mpk4 root epidermal cells show mixed orientations (e) and broad angular distribution (f). Bars in a, c, e = 10 μm
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microtubular systems [17]. MAP65-3 is of particular 
interest in the study of plant cytokinesis since its absence 
is associated with severe cytokinetic phenotypes [30], 
while its function is subjected to regulation via MAPKs 
or phosphoinositide kinases (e.g., [5]) either by means of 
phosphorylation [45], or by regulation of its localization 
[27].

In the absence of specific antibodies against MAP65-
3, we rather localized eGFP-MAP65-3 (aminoterminal 
fusion of MAP65-3 with enhanced green fluorescent 
protein) in plant cells, using instead commercial anti-
GFP nanobodies conjugated to Atto 488. Tubulin was 

detected with a rat monoclonal antibody and Alexa Fluor 
647-conjugated anti-rat IgGs. Although a red dye (such 
as AlexaFluor 546 or AlexaFluor 594) is expected to yield 
better resolution than AlexaFluor 647, the latter exhibits 
an outstanding brightness, photostability and pH-toler-
ance (https ://www.therm ofish er.com/cz/en/home/life-
scien ce/cell-analy sis/fluor ophor es/alexa -fluor -647.html), 
allowing for high signal-to-noise ratio labeling necessary 
for the efficient modulation of the sample with the light 
pattern. Nanobody-based detection is a relatively novel 
detection tool with several advantages over commercial 

Fig. 2 SIM imaging of PPB formation in Col-0 and ktn1-2. a Early PPB in Col-0 (bracket). With few exceptions (arrowheads) the cortical cytoplasm 
outside of the PPB is cleared from microtubules. b An example of a very broad PPB (bracket) in ktn1-2. c, d Another example of an early ktn1-2 PPB 
showing a wealth of cortical microtubules outside the PPB (c, rectangle) and excessive microtubule branching (d; arrowheads) in some instances. 
e An abnormally broad late PPB (long bracket) of an early prophase ktn1-2 cell showing an incomplete part (short brackets) and the formation 
of perinuclear spindle (arrow). f By comparison to (e), a late PPB of a Col-0 early prophase cell is shown. PPB is considerably more narrow. g, h 
Overview (g) and detail (h) of another abnormal preprophase cell of ktn1-2 showing excessive de novo branched formation of microtubules 
(arrowheads). Bars in a–c, e, g = 10 μm; f = 5 μm; d, h = 1 μm

https://www.thermofisher.com/cz/en/home/life-science/cell-analysis/fluorophores/alexa-fluor-647.html
https://www.thermofisher.com/cz/en/home/life-science/cell-analysis/fluorophores/alexa-fluor-647.html
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Fig. 3 Potential of 3D-SIM in visualizing mitotic and cytokinetic microtubule configurations. a Maximum intensity projection of a prophase 
spindle. b Maximum intensity projection of a prometaphase spindle. c Maximum intensity projection of a metaphase spindle. d Maximum intensity 
projection of an early anaphase spindle. e Maximum intensity projection of a telophase spindle. f–h Successive stages of centrifugal phragmoplast 
expansion. i, j Examples of 3D rendering of cells depicted in b and d respectively (see also Additional file 1: Video 1 and Additional file 2: Video 2), 
showing the potential of SIM to capture the entire volume of the mitotic apparatus. k, l Maximum intensity projection (k) and 3D (l) rendering of an 
aberrant mitotic spindle of ktn1-2 (see also Additional file 3: Video 3). Arrowheads show ectopic microtubules occurrence (k). Bars in a–h, k, l = 2 μm
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tetrameric IgGs and presents an emerging method in the 
plant field (e.g., [40]).

MAP65-3 starts to colocalize with microtubules dur-
ing telophase (Fig.  5a; bottom spindle; arrow) as at ear-
lier stages, mitotic spindles are devoid of MAP65-3 signal 
(Fig. 5a; top spindle; bracket) and the telophase signal of 
MAP65-3 corresponds to a rather broad band around the 

spindle midzone (Fig. 5a; arrowheads). During cytokine-
sis, MAP65-3 became narrowly localized to the midplane 
of the phragmoplast (coinciding with the position of cell 
plate; Fig. 5b–d; arrowheads).

The phragmoplast is a cellular structure that expands 
considerably during the course of cytokinesis, therefore 
it was a challenge to see whether SIM could be used to 

Fig. 4 Observation of abnormal phragmoplast formation in the ktn1-2 and mpk4 mutants. a, b Single optical section (a) and maximum intensity 
projection (b) of an early phragmoplast of a ktn1-2 cytokinetic root cell, showing an area with extensively branched microtubules (a, inset) at 
the phragmoplast periphery. c, d Single optical section (c) and maximum intensity projection (d) of an aberrant late phragmoplast of the ktn1-2 
mutant. Excessive microtubule branching (arrowheads) is observed within the phragmoplast (a, c; inset). e Ectopic and abortive phragmoplast of an 
aberrant root epidermal cell of the mpk4 mutant. Bars in e = 10 μm; c, d = 5 μm; a, b = 2 μm; insets of a and c = 1 μm
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visualize cytokinesis at different stages. As examples we 
used again cells co-immunolabeled for microtubules and 
eGFP-MAP65-3 and documented their distribution dur-
ing early (Fig.  6a–d; Additional file  4: Video 4) and late 
(Fig. 6e–h; Additional file 5: Video 5) stages of phragmo-
plast formation. This experiment revealed that in contrast 
to 2D imaging of either single optical sections (Fig. 5), or 
maximum intensity projections (Fig. 6b–d, f–h), 3D-SIM 
was able to show differences in the distribution of the 
two signals during different stages of the phragmoplast 
expansion.

Nuclear localization of MPK6 and active MAPK species
MAPKs are known to shuttle between the nucleus and 
the cytoplasm on an activity-based manner (reviewed 
in [38]). Therefore, it is reasonable to assume that a 
nuclear resident MAPK might be active, and this can 

be addressed by colocalizing the MAPK itself by a spe-
cific antibody and by an activation-pendant (phospho-
specific) antibody. To test this hypothesis we colocalized 
MPK6, previously shown to have a predominant nuclear 
localization [53] and activated plant MAPKs recognized 
by antibody against dually phosphorylated extracellu-
lar signal related protein kinases 1 and 2 of mammalian 
cells (ERK1/2). The antibody against MPK6 recognizes a 
14-aminoacid carboxylterminal epitope, while the anti-
pERK antibody recognizes a restricted epitope which 
encompasses the TEY motif present in MPK6 and other 
MAPKs [18], only when this motif is dually phospho-
rylated (https ://www.cells ignal .com/produ cts/prima ry-
antib odies /phosp ho-p44-42-mapk-erk1-2-thr20 2-tyr20 
4-antib ody/9101).

By means of CLSM imaging, MPK6 (Fig.  7a; left 
panel) and pERK species (Fig.  7a; middle panel) were 

Fig. 5 Differential localization of eGFP-MAP65-3 with mitotic and cytokinetic microtubule systems. a Microtubule, MAP65-3 and overlay of a 
metaphase spindle (top bracket) devoid of MAP65-3 signal and a telophase spindle (arrow) showing broad accumulation of MAP65-3 at the 
midplane (arrowheads). b Colocalization of microtubules and MAP65-3 at the midzone (arrowheads). c A more advanced phragmoplast with similar 
midplane distribution of MAP65-3 (arrowheads). d Restriction of MAP65-3 signal at phragmoplast edges (arrowheads) and its disappearance from 
central areas of the phragmoplast devoid of microtubules. Bars in a–d = 10 μm

https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-antibody/9101
https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-antibody/9101
https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-antibody/9101
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Fig. 6 2-color 3D-SIM of MAP65-3 and microtubule distribution in cytokinesis. a Clockwise 3D rendering of MAP65-3, microtubules and their 
overlay in an early phragmoplast wherein both signals occupy the entire surface of the phragmoplast (corresponding to Additional file 4: Video 4). 
b–d Maximum intensity projection showing microtubule (b), MAP65-3 (c) and their overlay (d) in the same phragmoplast as in a. e Clockwise 3D 
rendering of MAP65-3, microtubules and their overlay in an late phragmoplast wherein both signals are restricted in the edges of the phragmoplast 
(corresponding to Additional file 5: Video 5). f–h Maximum intensity projection showing microtubule (f), MAP65-3 (g) and their overlay (h) in the 
same phragmoplast as in e. Bars = 2 μm
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found in nuclei of wild-type root cells while quanti-
tative colocalization [28] showed a good correlation 
between the two signals (Fig.  7a; right panel) with a 
correlation coefficient of 0.972 (Fig.  7c). When simi-
lar samples were documented with SIM (Fig.  7b), due 
to the achieved higher resolution it was found that the 

signals owing to MPK6 (Fig.  7b; left panel) and pERK 
(Fig.  7b; middle panel), are not colocalizing (Fig.  7b; 
right panel; d). This suggests that nuclear active MAPK 
species are other than MPK6 and support the previous 
idea that active MPK6 and its closely related Medicago 
sativa homologue SIMK are exported from the nucleus 
when active [35, 44]. In this particular case, Manders 

Fig. 7 Quantitative colocalization of MPK6 and pERK by means of CLSM and SIM. a Nuclear colocalization of MPK6 (a; left panel), pERK species (a; 
middle panel) and their overlay (a; right panel) after CLSM documentation. b Nuclear colocalization of MPK6 (b; left panel), pERK species (b; middle 
panel) and their overlay (b; right panel) after SIM documentation. Dashed white lines delineate the nucleus. c Fluorescence intensity correlation 
between the signal corresponding to MPK6 and the signal corresponding to pERK from (a) showing positive correlation with a Manders coefficient 
of 0.972. d Fluorescence intensity correlation between the signal corresponding to MPK6 and the signal corresponding to pERK from (b) showing 
absence of correlation with a Manders coefficient of 0. Bars = 2 μm
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coefficient was 0 suggesting the absence of colocali-
zation, while inspection of the respective scatterplot 
shows the coincidence of red and green pixels occurs 
behind the Costes threadlines (Fig. 7d).

Association of cytoplasmic MAPKs with microtubule arrays
As previously shown, the MPK6 of Arabidopsis thali-
ana has a dominant nuclear localization [53] although a 
fraction may associate with the plasma membrane and 
cytoplasmic vesicular structures [31] as well as with 

microtubular PPBs, mitotic spindles and phragmoplasts 
[24, 53].

A survey of the occurrence of MPK6 in the cortical 
cytoplasm of interphase cells showed its conspicuous 
localization in vesicular structures that form intimate 
association with cortical microtubule walls and tips 
(Fig. 8a–f), while qualitative and quantitative colocaliza-
tion studies showed a stunning correlation of MPK6 with 
the localization of pERK species (Fig. 8g–j).

Fig. 8 Colocalization of MPK6 and pERK in microtubule bound spots analyzed by SIM. a–e Microtubule (a), MPK6 (b), pERK (c), MPK6-pERK overlay 
(d) and microtubule-MPK6-pERK overlay (e) in root epidermal cells of Col-0. f Close-up view of the boxed area of e, showing pERK and MPK6-labeled 
spots associated with the walls (full arrowheads) or the tips (outlined arrowheads) of cortical microtubules. g–i MPK6 (g), pERK (h) and overlay 
(i) in spots of the outlined area of b–d. j Fluorescence intensity of the profile drawn in g–i, showing absolute coincidence between the signals 
corresponding to MPK6 and pERK. Bars in a–e = 5 μm; c = 2 μm; g‑i = 1 μm
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Discussion
In the present study we provide an improved version 
of standard immunolabeling procedures, mostly appli-
cable to root whole-mount preparations. This proto-
col is designed to improve antibody penetration within 
the z-range limits of 3D-SIM, and preserve intracellular 
structure and antigenicity at the standards set by super-
resolution imaging. Using this protocol, it was possible 
to label vast intracellular structures such as the microtu-
bule cytoskeleton, to allow for sufficient labeling density 
and to achieve the high SNR values required for adequate 
SIM. Likewise it was possible to label less abundant and 
more diffusely distributed structures such as MPK6 and 
pERK positive spots and provide a correlative output 
based on multichannel imaging.

The use of TDE instead of glycerol as a mountant, com-
pensated well for refractive index mismatches and made 
possible the recording of Z-stacks ranging from ca. 5 µm 
deep, covering the axial occupancy of a typical mitotic 
spindle, to depths ranging from 15 to 20 µm encompass-
ing fully expanded phragmoplasts. The amount of time 
necessary for such acquisitions prohibits the use of SIM 
to document such structures in living cells, especially 
in the case of multichannel documentation. The impor-
tance of mounting media in the z-range of SIM, was 
very recently addressed [55]. In our case TDE helped to 
speed up sample preparation as compared to other labo-
rious immunofluorescence-compatible tissue clearing 
approaches (e.g., [37, 58]) which may additionally com-
promise the integrity of the structurally-labile root after 
enzymatic cell wall digestion. Emission intensity of fluo-
rescent proteins is reportedly impaired in high TDE con-
centrations [32], and this problem was alleviated by using 
fluorophore-tagged anti-GFP antibodies.

We expect that other mounting media can be efficiently 
used for purposes of 3D SIM imaging and the ultimate 
choice depends on both how stable is the sample during 
the documentation which is an essential consideration 
of root whole-mount preparations which are not stably 
fixed but rather immersed and free-floating in a liquid 
mounting medium (e.g., TDE-based, glycerol- paraphe-
nylenediamine-based or Vectashield and other mounting 
media commercially available).

The volumetric documentation of subcellular archi-
tecture poses several challenges related to the speed of 
acquisition, the possibilities of multicolor imaging and 
importantly the means to compensate for light scattering 
issues that are increased by extending the desired z-range 
of imaging. Superresolution methods such as 2D and 
3D SIM have provided the adequate means to visualize 
subcellular architecture below Abbe’s limit for reasons 
that have been exhaustively reviewed (e.g., [23–25, 51] 
and references therein). However such methods require 

proper sample preparation procedures aiming to achieve 
high SNRs and sufficient tissue clearing to compen-
sate for light scattering issues. In this sense, the choice 
of an appropriate mounting medium is of paramount 
importance. The formulation of TDE used herein has a 
refractive index matching that of glass and immersion 
oil so basically any mounting medium with this property 
should be used to deal with light scattering. For this rea-
son we tried hardset Vectashield with a refractive index 
of 1.46 after curing (https ://vecto rlabs .com/amfil e/file/
downl oad/file_id/1770/produ ct_id/298/). Unfortunately, 
residual PBS around the roots created refractive index 
mismatches that compromised image quality. This was 
not the case with TDE which was allowed to be infiltrated 
at stepwise increasing concentrations until the desired 
one was reached.

Since fixed samples are observed, laser power and cam-
era exposure times can be set to yield the best possible 
results in terms of spatial resolution. This allowed us to 
document mitotic and cytokinetic microtubule arrays 
at unprecedented quality and allowed the visualization 
of minute defects underlying phragmoplast formation 
in ktn1-2 mutant. In particular, we observed multiple 
de novo branched microtubule formation sites and this 
might underlie delays previously observed during phrag-
moplast expansion in living cytokinetic ktn1-2 cells [21]. 
In this respect it would be interesting to superresolve 
KATANIN1 localization and relate it to microtubule 
nucleation sites by means of SIM.

The importance of resolution in colocalization studies 
and especially when those are meant to be quantified was 
demonstrated in the case of MPK6 and pERK species in 
nuclei. CLSM documentation and subsequent quantifica-
tion of the two signals gave the erroneous impression of 
tight correlation of the two signals, whereas SIM showed 
that the two signals are completely unrelated.

On the other hand, the sequential documentation 
of microtubules, MPK6 and pERK species after triple 
labeling revealed that spots at the cortical cytoplasm, 
previously identified to contain MPK6 [31], are closely 
associated with microtubules. Most importantly they also 
contain pERK species raising the possibility that this pre-
sumably vesicular fraction of MPK6 is in an active, dually 
phosphorylated state. It will be of interest to follow up 
such a study and reveal substrates of MPK6 involved in 
vesicular trafficking.

Conclusions/future prospects
Plant tissues impose severe obstacles in the microscopic 
documentation of intracellular structures, owing to 
the contribution of the cell wall, the cortical cytoplasm 
and the vacuole to refractive index mismatches with the 
optical path of the microscope (reviewed in [52]). Such 

https://vectorlabs.com/amfile/file/download/file_id/1770/product_id/298/
https://vectorlabs.com/amfile/file/download/file_id/1770/product_id/298/
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mismatches may hamper the visualization of voluminous 
subcellular structures such as the mitotic spindle and the 
expanding phragmoplast. Refractive index mismatches 
are particularly limiting in the case of superresolution 
methods such as SIM which are heavily influenced by 
spherical aberrations [2, 12]. We find herein that the use 
of relatively simple mounting media containing TDE, suf-
ficiently rectifies the contribution of the sample to the 
optical path and allows to make use of the high z-range of 
SIM. In this way it is possible to document spatial inter-
relations between different subcellular compartments at 
the subdiffraction resolution limits offered by SIM.

Speed of acquisition is another, possibly the most 
limiting aspect for 3D SIM since each plane has to be 
documented and reconstructed from some 9–25 Moire 
patterns resulting by the rotations and the phase-shifting 
of the light pattern used to illuminate the sample. Such 
time concerns become even more limiting during multi-
channel imaging. However very recent commercial devel-
opments such as those mentioned earlier, have overcome 
temporal issues and now the market provides SIM mod-
ules with outstanding acquisition frame rates and the 
possibility of simultaneous multichannel imaging.

Materials and methods
Plant material
Arabidopsis thaliana seedlings were used throughout. As 
wild-type we selected to work with the Columbia ecotype 
(Col-0). On the Col-0 background, we generated stably 
transformed lines of proMAP65-3::eGFP-MAP65-3, to 
express N-terminal eGFP fusions of the MAP65-3 micro-
tubule crosslinking protein.

Moreover, we worked on two T-DNA insertion 
mutants, namely ktn1-2 [34] and mpk4 [5] which have 
been also raised in a Col-0 background. Wild-type, 
transformants and mutant seeds were surface-sterilized, 
plated on Phytagel or gellan gum solidified half-strength 
Murashige–Skoog (MS) basal salt mixture supplemented 
with 1% w/v sucrose as a carbon source, stratified at 4 °C 
for 1–4  days and finally allowed to germinate at con-
trolled environmental conditions. Seedlings between 
3 and 4  days after germination were selected for subse-
quent whole-mount immunolocalization experiments.

Molecular cloning and genetic crosses
The construct for N-terminal EGFP fusion of 
AtMAP65-3 was developed using the binary destina-
tion vector pGWB502 [33]. Initially, a multiple cloning 
site linker, generated by annealing of complementary 
oligonucleotides pGWB502link-F (ggttaattaatcctag-
gaatctgaagcactgccttgtggtacctgagct) and pGWB502link-
R (caggtaccacaaggcagtgcttcagattcctaggattaattaacctgca), 
was cloned into SbfI and SacI digested pGWB502, in 

order to replace vector fragment containing CaMV 35 
promoter and  Gateway® cloning cassette. The result-
ing vector was designated pGWB502link. Subsequently, 
a 1239  bp DNA fragment of MAP65-3 native promoter 
region was amplified from wild-type Col-0 genomic 
DNA using PCR with primers pMAP65-3-F (ctctcttaat-
taaacactcttccctacacaaaaccg) and pMAP65-3-R (aggtctag-
gtaccttcgaaatgcttaagcctgtaac), which contain PacI and 
Acc65I restriction site, respectively. Resulting PCR 
product was digested with PacI and Acc65I and cloned 
into PacI and Acc65I digested vector pGWB502link to 
generate construct pGWB502link-pMAP65-3. An open 
reading frame of MAP65-3 including stop codon was 
amplified from wild-type Col-0 cDNA using PCR with 
primers MAP65-3cDNA-F (acactagggtaccatggcaagt-
gttcaaaaagatcc) and MAP65-3cDNA-R (agatctacgtacgg-
gatcctcaaaccaaacgacattcagact), which contain Acc65I and 
BsiWI restriction site, respectively. Obtained PCR prod-
uct was digested with Acc65I and BsiWI and cloned into 
Acc65I digested pGWB502link-pMAP65-3 to generate 
construct pGWB502link-pMAP65-3::MAP65-3. Acc65I 
and BsiWI digest different restriction sites, but pro-
duce the same sticky ends. Therefore, in pGWB502link-
pMAP65-3::MAP65-3 only unique Acc65I restriction 
site is present in between pMAP65-3 and MAP65-3 start 
codon. ORF of EGFP was PCR amplified with primers 
EGFP-F (tcctgtcaggtaccaagaagaaaaatggtgagcaagggcgag-
gagctgttca) and EGFP-R (cacagtttggtacccttagcagctgc-
ctcttttgcggcagcctctttagcagcagcttccttgtacagctcgtccatgc-
cgagagtga) both of which contain Acc65I restriction site, 
while reverse primer contains no stop codon and DNA 
sequence encoding rigid linker (EAAAK)3, which joins 
EGFP tag with AtMAP65-3 [59]. Generated PCR prod-
uct was digested with Acc65I and cloned into Acc65I 
digested pGWB502link-pMAP65-3::MAP65-3 to cre-
ate construct pMAP65-3::EGFP:MAP65-3. pMAP65-
3::EGFP:MAP65-3 construct was transformed into 
Agrobacterium tumefaciens strain GV3101::pMP90 and 
recombinant GV3101::pMP90 clones were used for sim-
plified floral dip transformation of Arabidopsis thaliana 
Col-0 ecotype [11]. Primary transformants of Arabidopsis 
thaliana were selected on MS media (4.3 g/L MS + vita-
mins, 10  g sucrose/L, 500  μl/L MES, 5.7  g/L Gellan 
gum, pH 5.7) supplemented with 30  mg/L hygromycine 
(Roche).

Chemicals
All standard chemicals were ordered from Sigma unless 
stated otherwise. MS basic salt mixture without vitamins 
was from Duchefa. Gellan gum (a substitute for Phytagel) 
was from ThermoFisher (Kandel) GmbH. Electron 
microscopy grade fixatives were from Polysciences Inc. 
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(16% v/v methanol-free aqueous formaldehyde and 25% 
v/v aqueous glutaraldehyde). Cell wall digesting enzymes 
were from Desert Biologicals. Primary and secondary 
antibodies used herein are listed in Table  1. Reagents 
for molecular cloning are mentioned in the respective 
section.

Whole‑mount immunofluorescence localization
For root whole-mount immunolocalization studies of 
microtubules, associated proteins and MAPKs we basi-
cally followed previously published procedures [43, 46] 
but with notable changes which follow. Fixatives included 
1.5% v/v formaldehyde and 0.1% v/v glutaraldehyde 
buffered with microtubule stabilizing buffer (MTSB; 
25  mM  K-PIPES, pH 6.8; 2.5  mM EGTA and 2.5  mM 
 MgSO4 × 7H2O) and supplemented with 0.01% v/v Tri-
ton X-100 (at room temperature for 1 h). For fixation of 
seedlings expressing fusion proteins with eGFP, glutaral-
dehyde was omitted and formaldehyde concentration was 
raised to 4% v/v at the same buffer conditions.

After fixation cell walls were digested with an enzyme 
cocktail prepared in MTSB, comprising of 2% w/v Cel-
lulase Onozuka R10, 0.5% w/v Cellulase Onozuka RS, 
1% w/v Macerozyme R10, 1% w/v Meicelase and 0.1% 
w/v Pectolyase Y23 (30 min, room temperature). Subse-
quently seedlings were washed two times with MTSB and 
2 times with PBS pH 7.4 (10  min each, room tempera-
ture) and then residual aldehyde groups were reduced 
by 15  min incubation in 0.1% w/v sodium borohydride 
 (NaBH4; this step was omitted when glutaraldehyde was 
not included in the fixative). Then, samples were sequen-
tially permeabilized with 10% v/v DMSO, 2% v/v Noni-
det P40 and 0.01% v/v Triton X-100 in PBS pH 7.4 for 
15 min, washed in PBS pH 7.4 and blocked overnight in 
3% w/v bovine serum albumin (BSA) and 0.5% w/v pol-
yacetylated BSA (BSAc; Aurion) in PBS pH 7.4, prior to 
antibody incubation.

Subsequently samples were incubated in primary anti-
body (Table 1) diluted in 3% w/v BSA and 0.5% w/v BSAc 
in PBS pH 7.4 at room temperature overnight. During the 
following day, samples were extensively washed in PBS 
pH 7.4 (6 times, 10 min each), blocked with 3% w/v BSA 
and 0.5% w/v BSAc in PBS pH 7.4 for 1 h and incubated 
with secondary antibody diluted in 3% w/v BSA and 0.5% 
w/v BSAc in PBS pH 7.4 overnight at 37 °C. Finally, sam-
ples were washed in plain PBS pH 7.4 (at least 6 times 
10  min each), counterstained with (4′,6-diamidine-2′-
phenylindole dihydrochloride) DAPI and mounted in a 
mounting media supplemented with 0.1% w/v para-phe-
nylene diamine as an antifade agent. For standard imag-
ing, mounting medium was made in 90% v/v glycerol 
buffered with 100  mM tris(hydroxymethyl)aminometh-
ane-HCl pH 8.8.

For improving the z-range necessary for 3D imag-
ing, we replaced glycerol with 2,2′-thiodiethanol (TDE) 
at a concentration that was shown to have matching 
refractive index (RI) with that of the glass coverslip and 
the immersion oil (97% v/v; RI = 1.52; [54]). In order 
to achieve adequate infiltration of TDE in root whole-
mount preparations, those were incubated to an increas-
ing gradient of TDE in 100 mM Tris–Cl pH 8.8. Briefly, 
samples were infiltrated sequentially with 5% v/v, 10% 
v/v, 20% v/v, 30% v/v, 40% v/v, 50% v/v, 75% v/v and 97% 
v/v TDE in 100 mM Tris–Cl pH 8.8 for 10 min at room 
temperature per step. At the final step the samples were 
infiltrated in 97% v/v TDE in 100  mM Tris–Cl pH 8.8 
supplemented with 0.01% w/v para-phenylene diamine 
and were prepared for microscopy.

We also tested hard set Vectashield (ThermoFis-
cher Scientific) as a potential mounting medium but in 
our hands it introduced considerable spherical aberra-
tions, light scattering and substandard image quality at 
acquisition.

Table 1 Labeling reagents, commercial source and dilution guide

A list of primary and secondary antibodies used in the immunolocalizations of the present study, information on their commercial availability and their dilutions used 
herein

Labeling reagent Company/catalogue number Dilution (diluent)

Rat monoclonal anti-α tubulin antibody (clone YOL1/34) BioRad/MCA78G 1:300 (3% w/v BSA in PBS pH 7.3)

Alpaca anti-GFP nanobody-Atto 488 conjugated (GFP-
Booster)

Chromotek/gba488 1:500 (3% w/v BSA and 0.5% w/v BSAc in PBS pH 7.4)

Rabbit polyclonal anti-MPK6 antibody Sigma/A7104 1:750 (3% w/v BSA in PBS pH 7. 3)

Rabbit polyclonal anti-pERK antibody Cell Signaling/9101 s 1:400 (3% w/v BSA in PBS pH 7.3)

Goat anti-rat IgGs-Alexa Fluor 488 conjugated ThermoFischer Scientific/A11006 1:500 (3% w/v BSA in PBS pH 7.3)

Goat anti-rat IgGs-Alexa Fluor 647 conjugated ThermoFischer Scientific/A21247 1:500 (3% w/v BSA in PBS pH 7.3)

Goat anti-rabbit IgGs-Alexa Fluor 546 conjugated ThermoFischer Scientific/A11010 1:1000 (3% w/v BSA and 0.5% w/v BSAc in PBS pH 7.4)

Goat anti-mouse IgGs-Alexa Fluor 555 conjugated ThermoFischer Scientific/A21422 1:500 (3% w/v BSA 3 in PBS pH 7.3)
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Microscopy, image acquisition and processing
Microscopy of all samples described was done using an 
Elyra PS.1 (Zeiss) platform using settings as described in 
previously published works [22, 25]. Samples were mostly 
documented using a 63×/1.40 NA (numerical aperture) 
oil immersion objective and rarely a 100×/1.46 NA oil 
immersion objective. AlexaFluor 488, Atto 488, eGFP 
were excited with a 488  nm laser line. AlexaFluor 546 
and AlexaFluor 555 were excited with a 561 nm laser line 
and AlexaFluor 647 and Atto 647  N were excited with 
a 642 nm laser line. For imaging of AlexaFluor 488 and 
Atto 488 a band pass emission filter (495–550  nm). For 
AlexaFluor 546 and AlexaFluor 555 we used a band pass 
emission filter (570–620 nm). Finally for AlexaFluor 647 
and Atto 647 N we used a long pass filter (655 nm). Espe-
cially for 3D imaging, the grating pattern was rotated 5 
times (at 72° increments) with 5 additional phase shifts 
(at 3π/2 increments) per angular position. In all cases, 
laser power and camera exposure time was adjusted 
appropriately to ensure high SNR, and visible modulation 
of the sample with the emission light pattern (in this case 
this is achieved when the grating is visible on the screen 
during the acquisition).

For z-sampling the Nyquist criterion was applied for 
the channel with the smallest λexc (in this particular case 
the channel corresponding to AlexaFluor 488 and Atto 
488). Since the sampling rate of this channel is higher 
than that required for red (AlexaFluor 546) or far-red 
(AlexaFluor 647) the respective channels were over-
sampled. All images were acquired with a PCO.Edge 5.5 
scientific complementary metal-oxide semiconductor 
(sCMOS) camera with exposure times ranging between 
80 and 500 ms.

Raw images were reconstructed using the appropri-
ate tool of Zeiss Zen software (Black version with Struc-
tured Illumination module) using settings as previously 
described [25]. Especially Wiener filtering was adjusted 
appropriately to avoid commonly occurring artefacts 
such as ringing and honeycomb background [12, 25]. As 
a rule of thumb, relatively high filter values (ranging from 
− 7.0 to − 5.2) were chosen for 2D snaps, whereas lower 
filter values (ranging from − 5.0 to − 4.2) were chosen 
for entire Z-stacks. Based on full width at half maximum 
values of transverse fluorescence intensity profiles drawn 
along individual microtubules (as in [22]), XY-resolution 
was never worse than ca. 150 nm.

To demonstrate the angular distribution of corti-
cal microtubules in example images of Col-0, mpk4 and 
ktn1-2, we used the stand-alone software Cytospectre 
([20]; http://www.tut.fi/cytos pectr e/).

In order to ensure the validity of quantitative colocali-
zation studies, channels were aligned using the channel 
alignment plugin of the Zen software with TetraSpeck™ 

Microspheres, 0.1  µm, fluorescent blue/green/orange/
dark red as a sample (Thermofischer Scientific). Alter-
natively the align RGB planes Image J plugin was used 
(https ://image j.net/Align _RGB_plane s) either with 
TetraSpeck™ Microspheres, or with documented root 
whole-mount sample images. Quantitative colocaliza-
tions were done using the colocalization tool of Zeiss Zen 
Black or Zen 2 (Blue Version). Scatterplots were automat-
ically thresholded accordingly [10] and for quantitative 
purposes the Manders coefficient was also automatically 
extrapolated [28].

3D rendering of reconstructed z-acquisitions was done 
using the appropriate tool of ImageJ, or the volume ren-
dering plugin of Zen software. The output was saved as 
an *.avi file.

Additional files

Additional file 1: Video 1. 360° Rotational view of the 3D rendering 
shown in Fig. 3i.

Additional file 1: Video 2. 360° Rotational view of the 3D rendering 
shown in Fig. 3j.

Additional file 3: Video 3. 360° Rotational view of the 3D rendering 
shown in Fig. 3l.

Additional file 4: Video 4. 360° Rotational view of the 3D rendering 
shown in Fig. 6a.

Additional file 5: Video 5. 360° Rotational view of the 3D rendering 
shown in Fig. 6e.
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Abstract 

Plant mitogen activated protein kinases (MPK) are involved in a plethora of signalling 

events, integrating extrinsic cues to cellular responses. The focus of this thesis is to 

examine the role of MPKs in the cell division plane orientation. Specifically, the function 

of the YODA-MPK3/6 pathway is described in formative cell divisions during early 

embryonic development and in tissue patterning of the primary root tip of the model plant 

Arabidopsis thaliana. The interaction between the YODA-MPK3/6 pathway and the 

protein phosphatase 2A (PP2A) and heat shock proteins 90 (HSP90) was assessed.  

PP2A phosphatases are known to affect cell division plane orientation and are 

expected to execute this function by regulating the phosphorylation status of proteins 

involved in cell division plane positioning. Herein, it is assumed that the PP2A cooperates 

with the YODA-MPK3/6 in determining the cell division plane orientation.  

In the second part of the thesis, the involvement of HSP90s in early embryonic 

development is investigated in light of their previously described physical partnership 

with the YODA-MPK3/6 pathway.  

Finally, the present thesis also provides a description and comparison of advanced 

microscopic techniques, with potential applications for imaging live cells expressing 

appropriate fluorescent protein fusions, or fixed and accordingly immunolabelled 

samples. Methods such as structured illumination microscopy and Airyscan laser 

scanning microscopy are applied to visualize microtubules together with two prominent 

microtubule associated proteins, microtubule associated protein 65 2 (MAP65-2) and 

MAP65-3. 

Conclusively, this thesis presents information on the role of the YODA-MPK3/6 

cascade in the cell division plane orientation and the cell fate determination as well as its 

interaction with PP2A and HSP90s while executing these functions. Furthermore, it 

reports on advanced microscopic methods which may be employed in future studies 

aiming to elucidate mechanisms behind cytoskeleton organization and dynamics in 

plants.  

  



3 
 

Objectives 

 

1. Summary of recent knowledge on the role of phosphorylation in cell division 

plane orientation in both symmetric and asymmetric cell divisions. This part will 

be focused on describing mitogen-activated protein kinases (MPKs), microtubule 

associated proteins 65 (MAP65s) and protein phosphatase 2A (PP2A). 

Additionally, the role of heat shock proteins 90 (HSP90s) in plant development 

will be reviewed. 

2. Documentation of the putative interaction between PP2A and MPK. 

3. Phenotypic characterization of mutants defective in genes encoding PP2A 

subunits regarding the formative cell divisions. 

4. Characterization of the role of HSP90s in modulating the function of YODA-

MPK pathway in different types of formative cell divisions.  

5. Visualization of MAP65s by employing advanced microscopy techniques. 
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1. Introduction 

1.1. Cell division in plants 

The plant cell division is markedly different from cytokinesis in animal cells. This 

property can be assign to the sessile life style and rigid cell walls, which lead to evolution 

of unique plant cell division mechanisms. The plant cell division depends on the two 

components of cytoskeleton, actin and microtubules. Microtubules form several 

structures during plant cell mitosis, some of them unique to plants (Fig. 1). Before 

prophase, the cortical microtubules typical for interphase rearrange into a belt-like 

structure (Dhonukshe and Gadella 2003). These microtubules forms the preprophase band 

together with actin filaments, organelles and specific proteins. Together they mark plasma 

membrane region denoted as cortical division zone providing a correction mechanism 

pivoting the nascent cell plate at the correct plane (Zhang and Dong 2018). While 

the position of the preprophase band is in symmetrically dividing cells determined by cell 

geometry (Flanders et al. 1990), and the position of the nucleus (Murata and Wada 1991), 

these positional cues are overridden in asymmetrically dividing cells. The preprophase 

band disassembles before prometaphase. As plant cells do not have a microtubule 

organizing centre, the spindle forms in an acentrosomal fashion just before the nuclear 

envelope breakdown (Buschmann and Zachgo 2016) and it drives the segregation of 

chromatids in anaphase. Subsequently, daughter nuclei are reconstituted and the plant-

Figure 1. Organization of microtubules during the cell cycle. Adapted from Vavrdová et 

al. (2019). Cortical microtubules reorganize into the preprophase band at the onset of mitosis. 

The preprophase band starts as a broad ring of microtubules, it narrows during prophase and 

its site is marked as the cortical division zone, a place of the future cell plate fusion site. The 

preprophase band is disassembled before the metaphase as the spindle is formed. After the 

segregation of chromatids, the disc phragmoplast is formed at the centre of the cell. The 

phragmoplast guides the construction of the cell plate. Next, the ring phragmoplast is 

continuously degraded at its centre, where the cell plate is being built, and it expands towards 

the cell cortex. After the discontinuous phragmoplast reaches the cell plate fusion site, the cell 

plate is formed and two daughter cells are created, where microtubules again rearrange into 

cortical microtubules.  

cortical MTs 

DNA; microtubules; CDZ; cell plate 

cortical MTs spindle phragmoplast preprophase band 

interphase preprophase 
anaphase/ 
telophase telophase prophase metaphase anaphase interphase 
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specific cytokinetic apparatus, the phragmoplast, is formed. The phragmoplast is formed 

between the sister nuclei in the central part of the cell and it serves as a frame guiding 

the movement of Golgi-derived vesicles carrying material for cell plate assembly. 

As the new cell wall is being built within the phragmoplast midzone, the phragmoplast is 

gradually degraded (Chen et al. 2018) while it continuously expands towards the cell 

plate fusion site marked by the cortical division zone (reviewed in Smertenko, 2018). 

Through the guidance of phragmoplast, the cell division plane is determined and the cell 

plate is assembled, resulting in completion of cytokinesis. 

For proper progression of cytokinesis is essential precise spatiotemporal 

regulation of microtubule organization and dynamics. This is usually accomplished by 

microtubule associated proteins, which are affecting microtubule nucleation, 

de/polymerisation, and de/stabilization. One of the protein families involved 

in the organization of microtubule arrays is the MICROTUBULE ASSOCIATED 

PROTEIN 65 (MAP65) family. Plant MAP65s form homodimers through their N-

terminal domains and they bind to microtubules with their C-terminal domains 

(Smertenko et al. 2004). MAP65s form crossbridges 25 nm wide between microtubules 

(Chan et al. 1999) and their main function is to slow down microtubule depolymerization 

(Van Damme et al. 2004). The activity and subcellular localization of MAP65s is 

regulated by reversible phosphorylation (Smertenko et al. 2006) and the members of this 

protein family differ in their colocalization with microtubule arrays. While MAP65-1 and 

MAP65-2 are colocalizing with cortical microtubules, preprophase band and 

phragmoplast (Lucas and Shaw 2012), MAP65-3 and MAP65-4 are associated only with 

mitotic microtubule arrays and their function appears essential for cytokinesis (Müller et 

al. 2004; Li et al. 2017).  

The activity of the microtubule associated proteins is crucial for proper 

progression of cell division. Therefore, there is a need for precise spatiotemporal control 

of microtubule associated proteins. Plant cells employ several regulatory mechanisms to 

achieve this, among them the reversible protein phosphorylation. Several kinases were 

implicated in regulating the phosphorylation status of microtubule associated proteins 

during cell division, including MITOGEN ACTIVATED PROTEIN KINASEs (MPK; 

Smékalová et al. 2014; Kohoutová et al. 2015).  

MPKs are Ser/Thr kinases and they form signalling cascades, where MPK is 

activated by MITOGEN ACTIVATED PROTEIN KINASE KINASE (MKK), which is 

in turn phosphorylated by MITOGEN ACTIVATED PROTEIN KINASE KINASE 
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KINASE (MKKK). In plants, two MPK signalling pathways are well-described regarding 

their activity in plant cell division. One of them is essential for the majority of cell 

divisions (Calderini et al. 1998; Bögre et al. 1999), while the function of the other cascade 

is more distinct. The latter pathway consists of YODA (YDA; MKKK), MKK4 and 

MKK5, MPK3 and MPK6 ((Wang et al. 2007) and its members are involved in stress 

responses, innate immunity (Colcombet and Hirt 2008) and plant development (reviewed 

in Komis et al. 2018a). This pathway is essential for several formative cell divisions, 

among them the first division of the zygote (Lukowitz et al. 2004), stomatal 

differentiation pathway (Bergmann et al. 2004; Wang et al. 2007), and root development 

(Müller et al. 2010; Smékalová et al. 2014).  

The reversibility of phosphorylation is executed by protein phosphatases, which 

makes them indispensable for correct spatiotemporal regulation of microtubule 

organization and dynamics (Bhaskara et al. 2017). In the context of mitosis and 

cytokinesis, the Ser/Thr specific phosphoprotein phosphatases are of major importance 

(Samofalova et al. 2019). Plant phosphoprotein phosphatases are known to interact with 

tubulin (Awotunde et al. 2003; Voss et al. 2013), microtubule associated proteins 

(Spinner et al. 2013) and MPKs (Umbrasaite et al. 2010; Kohoutová et al. 2015). Notably, 

PHOSPHOPROTEIN PHOSPHATASE 2A (PP2A) is involved in establishing and 

maintaining the cortical division zone (Camilleri et al. 2002). 

 

1.2. Asymmetric cell divisions in plants  

Asymmetric cell divisions are indispensable for all multicellular organisms as they 

generate daughter cells with diverging cell fates (Shao and Dong 2016). There are 

numerous formative cell divisions during the plant ontogenesis, e.g. the first division of 

the zygote and stomatal differentiation pathway. The prerequisite for a successful 

asymmetric cell division is overriding the rules governing the symmetric cell division. 

The regulation of microtubules and microtubule associated proteins appear to be involved 

in these processes (Park et al. 1998; Oh et al. 2010). Several kinases and phosphatases 

have been implicated in asymmetric cell divisions (e.g. Tanaka et al. 2002; Wang et al. 

2018; Li et al. 2019).  

The YDA-MKK4/5-MPK3/6 signalling cascade targets microtubule associated 

proteins involved in the organization of mitotic microtubule arrays (Smertenko et al. 
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2006; Kohoutová et al. 2015) as well as cell fate determination factors (Lampard et al. 

2009; Ueda et al. 2017). Members of this pathway affect several types of formative cell 

divisions during plant ontogenesis (reviewed in Komis et al. 2018a). This can be 

exemplified within the context of the early embryonic development. In Arabidopsis, 

the early embryonic development encompasses a series of extremely ordered cell 

divisions (Yoshida et al. 2014). The YDA-MKK4/5-MPK3/6 pathway is indispensable 

for the first asymmetric division of the zygote (Zhang et al. 2017), as it integrates several 

signalling cues (Bayer et al. 2009; Yu et al. 2016) and it secures transcriptional activation 

of cell fate determination factors (Ueda et al. 2017). The activity of the YDA-MKK4/5-

MPK3/6 pathway is negatively regulated either by phosphorylation (Kim et al. 2012), or 

by dephosphorylation of MPK3/6 by PP2C and MAPK PHOSPHATASE 1 (Umbrasaite 

et al. 2010; Tamnanloo et al. 2018). Presumably, other phosphatases are involved in 

regulating this pathway. 

 

1.3. The role of HSP90s in plant development 

The HEAT SHOCK PROTEIN 90 (HSP90) protein family encompasses a large 

group of evolutionarily conserved prokaryotic and eukaryotic proteins. The members of 

this family act as chaperones enabling other proteins to correctly fold or re-fold their 

tertiary structures (Taipale et al. 2010). From the seven members of the HSP90 protein 

family in Arabidopsis, four are present in cytoplasm, while the other three localize to 

distinct compartments (Krishna and Gloor 2001). The cytoplasmic HSP90.1 has low 

expression levels under normal conditions, but they dramatically increase under stress 

conditions (Haralampidis et al. 2002). On the other hand, the other three cytoplasmic 

HSP90s, HSP90.2-4, which share high sequence homology, are constitutively expressed.  

Generally, hsp90 mutants exhibit pleiotropic phenotypes because they provide 

plant cells with genetic buffering (Queitsch et al. 2002), which means that they can mask 

mutations or polymorphisms by correctly folding mutant proteins. Once HSP90s are 

depleted, the genetic buffering is lost leading to pleiotropic phenotypes, especially under 

conditions challenging protein homeostasis (Taipale et al. 2010). Nevertheless, hsp90 

loss-of-function mutants were described to have morphological defects, and the protein 

levels of cytoplasmic HSP90s alter throughout plant ontogenesis (Prasinos et al. 2005). 

Thus, HSP90s play a role in plant development (Xu et al. 2012). The uncovering of their 
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role in plant development is challenging due to their functional redundancy and complex 

interactions with co-chaperones and plethora of client proteins. Several studies revealed 

their integration in developmental signalling networks (reviewed in Tichá et al. 2020). 

Through the interaction with signalling networks, cytoplasmic HSP90s serve as a central 

hub connecting these pathways with environmental cues. Moreover, they are known to 

colocalize with cortical microtubules and phragmoplast (Krtková et al. 2012) and to affect 

microtubule remodelling through yet unknown mechanism, which possibly includes other 

client or interacting proteins (Queitsch et al. 2002; Weis et al. 2010). Conclusively, their 

integration in developmental signalling pathways and their activity in microtubule 

remodelling proposes them as candidates in modulating the cell division plane 

orientation.  
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2 Materials and methods 

Herein the material and methods are briefly introduced. Detailed information are 

presented in the thesis. 

Arabidopsis thaliana (L.) Heynh. plants of the Columbia (Col-0) ecotype were 

used as wild type. All mutant lines and marker lines are listed in Table 1.  

Macroscopic images of seedlings were taken on the stereo microscope M165 FC 

(Leica, Germany) and the distance between the root tip and first root hair was measured 

in ImageJ (Schneider et al. 2012). Statistical analysis was calculated by the software 

STATISTICA (version 13.4.0.14; Statsoft, USA) and Microsoft Excel Workbook 

(Gaetano 2013).  

The roots of 5 days after germination old seedlings were stained with 5 µM FM4-

64 staining (Thermo Fisher Scientific, USA) and observed under confocal laser scanning 

microscope (CLSM) LSM 710 (Carl Zeiss, Germany).  

Modified pseudo-Schiff propidium iodide staining was performed as described 

previously (Truernit et al. 2008). Samples were observed on CLSM. Images had their 

colour inverted in ImageJ.  

 

Table 1: List of lines used in this study.  

 

Genotype Description Reference/source 

hsp90.1 T-DNA insertional mutation in HSP90.1 

(At5g52640; SALK_007614) 

(Hubert et al. 

2009) 

mpk3-1 T-DNA insertional mutation in MPK3 

(At3g45640; SALK_151594) 

(Alonso et al. 

2003) 

mpk6-2 T-DNA insertional mutation in MPK6 

(At2g43790; SALK_073907) 

(Liu and Zhang 

2004) 

rcn1-6 T-DNA insertional mutation in RCN1 

(At1g25490; SALK_059903) 

(Blakeslee et al. 

2008) 

yda insertional mutation in YDA 

(At1g63700) 

(Lukowitz et al. 

2004) 

ΔNyda deletion in N-terminal regulatory 

domain of YDA (At1g63700); gain-of-

function 

(Bergmann et al. 

2004) 

CaMV35S::TUA6:GFP 

(TUA6-GFP) 

GFP-labelled tubulin driven under 

constitutively active promoter 

(Shaw et al. 

2003) 

MAP65-2::eGFP:MAP65-2 

(eGFP-MAP65-2) 

eGFP-MAP65-2 fusion protein driven 

under native promoter 

Pavel Křenek 

MAP65-2::tagRFP:MAP65-2 

(tagRFP-MAP65-2) 

tagRFP-MAP65-2 fusion protein driven 

under native promoter 

Pavel Křenek 

MAP65-2::eGFP:MAP65-3 

(eGFP-MAP65-3) 

eGFP-MAP65-3 fusion protein driven 

under native promoter 

Pavel Křenek 



10 
 

The visualization of eGFP-MAP65-2, tagRFP-MAP65-2, and eGFP-MAP65-3 

was performed on either the Axio Observer LSM 880 with Airyscan (ACLSM; Carl Zeiss, 

Germany) or the Axio Observer Z.1 equipped with the Elyra PS.1 superresolution system 

supporting the structured illumination microscopy (SIM) module (Carl Zeiss, Germany). 

All microscopic data were reconstructed and analysed on appropriate Zeiss Zen software 

(Carl Zeiss, Germany), which was also used for fluorescence intensity profiling (Komis 

et al. 2014). For measuring the full-width at half maximum (FWHM), the profile 

measurements were first normalized based on the minimum-maximum scaling, then 

the FWHM was measured in ImageJ in the graphs presenting the normalized signal 

intensity plotted against the distance. 

To prepare samples for the light-sheet Z.1 fluorescence microscope (Carl Zeiss, 

Germany), plants expressing both GFP and tagRFP were prepared according to the “open 

system” protocol (Ovečka et al. 2015).  

 The root wholemount immunolocalization was based on previously published 

protocols (Sauer et al. 2006; Šamajová et al. 2014) with notable changes. Seedlings were 

fixed in 4% (v/v) formaldehyde (Polysciences, USA) in microtubule stabilizing buffer 

(MTSB) supplemented with Triton X-100. Cell walls were digested using enzyme 

solution. After washing with MTSB and phosphate buffered saline (PBS), samples were 

incubated in the permeabilization solution. Blocking was performed overnight 

in blocking solution (3% (w/v) BSA and 0.5% (w/v) polyacetylated BSA in PBS). 

Subsequently, samples were incubated in primary antibody: rat anti-α tubulin antibody 

(Bio-Rad, USA), Atto 488-conjugated anti-GFP nanobody (Chromotek, Germany), 

or rabbit anti-RFP antibody (Thermo Fisher Scientific, USA). Next day, samples were 

incubated with secondary antibody: Alexa Fluor 647-conjugated anti-rat antibody 

(Thermo Fisher Scienticific, USA), or Alexa Fluor 546-conjugated anti-rabbit antibody 

(Thermo Fisher Scienticific, USA). Samples were counterstained with DAPI (4',6-

diamidino-2-phenylindole dihydrochloride) and mounted on slides. Samples were 

observed on the SIM platform.   
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3 Results 

3.1. PP2A affects the functions of MPK3 and MPK6 in plant development 

Previous reports documented the involvement of both the YDA-MPK pathway and PP2A 

in the regulation of the cell division plane orientation (reviewed in Komis et al. 2018a; 

Samofalova et al. 2019). To examine whether these two modules are part of a common 

pathway, loss-of-function mpk3 and mpk6 mutants were subjected to the treatment with 

cantharidin, a phosphatase inhibitor with high selectivity towards PP2A (Li et al. 2010).  

Wild type plants treated with cantharidin had reduced root length (Fig. 2A), 

corroborating previous results (Deruere et al. 1999). This trend was more pronounced in 

the rcn1-6 mutant (Fig. 2A), confirming the sensitivity of the rcn1-6 mutant 

to cantharidin. While the growth of mpk3-1 and mpk6-2 mutants was visibly affected by 

higher concentration of cantharidin in media (Fig. 2B), mpk3-1 and mpk6-2 mutants were 

less sensitive to cantharidin at lower concentrations compared to wild type (Fig. 2A,B).   

Treatment with cantharidin lead to smaller distance between the root tip and first 

root hair in both the wild type and rcn1-6 mutant (Fig. 2C), with rcn1-6 showing more 

progressive changes in the increasing concentrations of cantharidin (Fig. 2D). Moreover, 

the concentrations of 3 and 5 µM cantharidin lead to the phenocopy of rcn1-6 (Fig. 2C). 

Conversely, both mpk3-1 and mpk6-2 mutants were insensitive to lower concentrations 

of cantharidin showing no significant changes in the distance between the root tip and 

first root hair (Fig. 2C).   

Next, the cell division plane orientation defects in the primary root tips of mpk6, 

and rcn1-6 mutants were examined by the staining with FM4-64, a lipophilic dye staining 

plasma membrane (Fig. 3). The root tip anatomy of the wild type is well-organized 

(Fig. 3A,B), which is in contrast with the aberrations in cell wall positioning in the rcn1-

6 and mpk6-2 mutants (Fig. 3C-F), corroborating the previously published results 

(Blakeslee et al. 2008; Müller et al. 2010). Disorganization of the cell division plane 

orientation was especially strong in the mpk6-2 mutant (Fig. 3F). Genetic depletion of 

RCN1 in the mpk6-2 rcn1-6 mutant lead to partial rescue in the root tip anatomy 

(Fig. 3G,H) compared to both parent lines (Fig. 3D,F).  

Both pharmacological and genetic depletion of RCN1 suggest that PP2A and 

MPK3/6 belong to a common pathway. This is evidenced by the partial insensitivity of 

mpk3-1 and mpk6-2 mutants to lower concentrations of cantharidin; and by the partial 
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rescue of abnormally oriented cell walls in the root tip of mpk6-2 mutant after genetic 

depletion of RCN1.  

 

A B 

0 µM 1 µM 3 µM 5 µM 10 µM 
Concentration of cantharidin 

C
o
l-
0
 

rc
n
1
-6

 

m
p

k
3
-1

 
m

p
k
6
-2

 

0 µM 1 µM 3 µM 5 µM 10 µM 
Concentration of cantharidin 

0

20

40

60

80

100

120

0 5 10

C
h
a
n
g
e

in
 d

is
ta

n
c
e
 b

e
tw

e
e
n
 r

o
o
t
ti
p

 a
n
d
 

fi
rs

t
ro

o
t
h
a
ir

[%
]

Concentration of cantharidin [µM]

Col-0

rcn1-6

mpk3-1

mpk6-2

D 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

Col-0 rcn1-6 mpk3-1 mpk6-2

D
is

ta
n
c
e
 b

e
tw

e
e
n

ro
o
t
ti
p

 a
n
d
 f

ir
s
t
ro

o
t

h
a
ir

[c
m

]

0 µM CTR

1 µM CTR

3 µM CTR

5 µM CTR

5 µM CTR

Col-0 

a 
a 

a 

a 

a 

b 
a 

b 
ab 

a 
a 

a ab a 

c 

a 

b bc 
c 

d 

C 

Fig. 2. mpk3, mpk6 mutants are less sensitive to phosphatase inhibitor cantharidin. Plants 

of the indicated genotypes were grown on media with different concentration of cantharidin 

(CTR; 0/1/3/5/10 µM) up to 5 days after germination. (A,B) Representative pictures of 5 days 

old seedlings of Col-0, rcn1-6 (A) and mpk3-1, mpk6-2 (B). Scale bars, 5 mm. (C) 

Measurements of distances between the root tip and the first root hair presented as mean±SD 

(N≥50, three technical repetitions; two-way ANOVA followed by Scheffé's test and Holm-

Bonferroni correction; statistical comparison is shown within groups sharing the same 

genotype; letters in the graph are shared by groups without statistically significant differences 

at the 0.001 probability level). (D) Change in the distance between the root tip and the first 

root hair relative to the same parameter in media without cantharidin.  
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3.2. HSP90.1 is affecting asymmetric cell divisions via modulating YDA-MPK 

pathway 

Recently, cytoplasmic HSP90.1 was shown to directly interact with the YDA-MPK3/6 

pathway and to modulate its function during the differentiation of stomata (Samakovli 

et al. 2020). Because the YDA-MAPK pathway is also involved in other types of 

formative cell division, e.g. in early embryogenesis (Lukowitz et al. 2004) and primary 

root tissue patterning (Smékalová et al. 2014), the aim was to investigate whether 

HSP90.1 affects the function of the YDA-MPK3/6 pathway in these processes as well. 

The embryonic development in hsp90.1, yda single and double mutants was 

examined by using the pseudo-Schiff propidium iodide staining. The highly ordered 

organization of cell walls, which is typical for early embryonic development 

in Arabidopsis (Yoshida et al. 2014; Fig. 4A,B), was distorted in both the loss-of-function 

yda and gain-of-function ΔNyda mutants (Fig. 4C-F), corroborating the previous reports 

(Lukowitz et al. 2004). Surprisingly, the positioning of the cell division plane was also 

compromised in the hsp90.1 mutant (Fig. 4G,H), but to a smaller extent. The genetic 

Fig. 3. RCN1 depletion partially rescues morphological defects in the root tip of mpk6 

mutant. Primary root architecture in 5 days old seedlings stained with FM4-64. Images of 

the root tip meristem area of the wild type (A,B), rcn1-6 (C,D), mpk6-2 (E,F), mpk6-2 rcn1-6 

(G,H). Boxed areas in (A,C,E,G) are enlarged in (B,D,F,H). White stars mark cells of 

the quiescent centre (identified based on the anatomy), white arrowheads point to 

the abnormally positioned plasma membranes. Scale bars, 20 µm.   

Col-0 B A 

mpk6-2 F E G mpk6-2 rcn1-6 H 

rcn1-6 D C 
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depletion of HSP90.1 resulted in partial rescue of the severe yda and ΔNyda phenotype 

in hsp90.1 yda, hsp90.1 ΔNyda double mutants (Fig. 4I-L).  

To examine, whether HSP90.1 also affects primary root development, the roots of 

hsp90.1, yda single and double mutants had their plasma membranes stained with FM4-

64 and then their root tip architecture was observed (Fig. 5). The well-organized root tip 

anatomy of the wild type (Fig. 5A,B), was also observed in the hsp90.1 mutant 

Figure 4. Genetic depletion of HSP90.1 restores defects in the cell division plane 

orientation in early embryogenesis of yda mutants. Adapted from Samakovli et al. 

(unpublished). Early embryonic development of the wild type (A,B), yda (C,D), ΔNyda (E,F), 

hsp90.1 (G,H), hsp90.1 yda (I,J), hsp90.1 ΔNyda (K,L) was visualized by modified pseudo-

Schiff propidium iodide staining. Magenta arrowheads point to wrongly oriented cell walls. 

Scale bars, 20 µm.  

A B D E F C 

G H J K L I 
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(Fig. 5C,D). On the other hand, both in yda and ΔNyda mutants, severe aberrations 

in the organization of cell walls were observed (Fig. 5E,F,I,J).  

Similarly to the observations regarding the early embryonic development (Fig. 4), 

genetic depletion of HSP90.1 in yda and ΔNyda mutants lead to partial rescue in the cell 

division plane orientation defects in hsp90.1 yda, hsp90.1, ΔNyda double mutants 

(Fig. 5G,H,K,L). Conclusively, HSP90.1 modulates the regulation the cell division plane 

orientation in both the embryonic and root postembryonic development downstream of 

the YDA-MPK3/6 pathway.  

 

Figure 5. HSP90 depletion rescues morphological defects in root tip of yda mutants. 

Five days after germination old seedlings were stained with FM4-64 to observe the primary 

root architecture in Col-0 (A,B; Fig. 3A,B), hsp90.1 (C,D), yda (E,F), hsp90.1 yda (G,H), 

ΔNyda (I,J) and hsp90.1 ΔNyda (K,L). White stars mark the quiescent centre, white 

arrowheads point to the abnormally positioned plasma membranes. Scale bars, 20 µm.   
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3.3. Visualization of MAP65s with advanced microscopy techniques 

Functions of microtubule associated proteins are crucial for regulating microtubule 

arrays. However, the molecular mechanisms of their activity are often examined by 

in vitro experiments and they should be confirmed in vivo. The aim of this part is to report 

on advanced microscopic techniques, which were improved and optimized to enable 

resolving the colocalization of microtubule associated proteins with microtubules and 

tracking their dynamic behaviour. 

The organization and dynamics of MAP65-2 decorating cortical microtubules was 

visualized by two superresolution approaches, the ACLSM and the SIM. First, these two 

platforms were compared regarding their resolution potential (Fig. 6). Using both 

the ACLSM and SIM with the 63×/1.40 NA oil immersion objective, MAP65-2 

decorating cortical microtubules in hypocotyl epidermal cells expressing eGFP-MAP65-

2 was observed (Fig. 6A,B). Within these images, fluorescence intensity profiles were 

drawn perpendicular to the thinnest observed MAP65-2 decorating microtubules 

(Fig. 6C,D). The intensity profiles were normalized and plotted against distance 

(Fig. 6E,F) and within the resulting graphs, the FWHM was measured. The MAP65-2 

tagged with fluorescent proteins were resolved by the ACLSM at 177±19 nm 

(mean±SD; N=36, Fig. 6G) and by the SIM platform at 133±20 nm (mean±SD; N=39, 

Fig. 6H). The SIM platform outperformed the ACLSM in its resolution potential while 

visualizing eGFP-MAP65-2.   

Cortical microtubules create bundles consisting of various numbers of individual 

filaments. It has been shown previously, that the composite nature of cortical 

microtubules can be discriminated as the increase in the fluorescence intensity maximum 

of a bundle is linear compared to the fluorescence intensity maximum of its respective 

branches (Komis et al. 2014). To determine whether MAP65-2 follows the same trend, 

images of line expressing both tagRFP-MAP65-2 and TUA6-GFP were searched to find 

events where microtubule bundles were branching into two smaller bundles (Fig. 7A-C). 

In such places, the fluorescence intensity profiles were drawn perpendicularly to the two 

smaller bundles and the larger bundle. The fluorescence intensity profiles were plotted 

against distance (Fig. 7D-E). The fluorescence intensity maxima of the composite bundle 

and its smaller and larger branch can be differentiated in both TUA6-GFP (Fig. 7D,F) 

and tagRFP-MAP65-2 (Fig. 7E,G). Moreover, the linear correlation coefficients reached 
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high values for both TUA6-GFP (R2=0.9966; Fig. 7F) and tagRFP-MAP65-2 

(R2=0.9786; Fig. 7G). This is in line with the previous observation of a linear increase 

in maximum fluorescence intensity upon the inclusion of microtubules within a bundle 

(Komis et al. 2014) and the MAP65-2 appears to follow this trend. Thus, the maximum 

signal intensity of tagRFP-MAP65-2 corresponds to the amount of individual 

microtubules constituting the bundle.  

The MAP65-2 colocalizes with cortical microtubules and also with 

the preprophase band and phragmoplast (Lucas and Shaw 2012). These two mitotic arrays 

are also decorated by the MAP65-3 (Müller et al. 2004). The diversification of 

the MAP65 family in plants (exemplified by differential subcellular localization) signifies 

that its members have distinct functions in organizing microtubule arrays (Gaillard et al. 

2008). To reveal these functional differences, it is necessary to first characterize the subtle 

nuances in their subcellular localization throughout the cell cycle. 
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Figure 6. Resolving details of eGFP-MAP65-2 decoration of cortical microtubules by 

either ACLSM or SIM. Adapted from Vavrdová et al. (2020). MAP65-2 decoration of 

cortical microtubules in hypocotyl epidermal cells were visualized with eGFP-MAP65-2. (A) 

Image from the ACLSM (objective 63×/1.40 NA); (B) Image from the SIM (objective 

63×/1.40 NA); (C-D) show area boxed in (A) and (B), respectively; (E-F) present normalized 

intensity measurements for the profile measurements marked by white line in (C) and (D), 

respectively; (G-H) provide a quantitative analysis showing averaged, coaligned, and 

normalized intensity profiles of individual eGFP-MAP65-2-labeled microtubule bundles from 

the ACLSM (G; N=36) and the SIM (H; N=36). Scale bars, 10 µm (A, B), or 5 µm (C, D), 

respectively. Abbreviations: ACLSM, Airyscan confocal laser scanning microscopy; FWHM, 

full-width at half maximum; SIM, structured illumination microscopy, 
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To confirm the colocalization of MAP65-2 and MAP65-3 with specific mitotic 

microtubule arrays, the lines coexpressing tagRFP-MAP65-2 and eGFP-MAP65-3, were 

first observed using light sheet fluorescence microscopy (LSFM; Fig. 8). At the cost of 

lower resolution, the LSFM is capable of long-term time-lapsed imaging of whole roots 

(Ovečka et al. 2015). This enabled observation of whole root tips with multiple cell 

divisions, thus, repeated examination of MAP65-2, MAP65-3 localization throughout cell 

division (Fig. 8A-C). From the time-lapsed imaging was apparent, that both

Figure 7. Signal intensity of tagRFP-MAP65-2 reflects the microtubule bundle 

composition. Adapted from Vavrdová et al. (2020). Hypocotyl epidermal cells of stably 

transformed lines expressing both tagRFP-MAP65-2 and TUA6-GFP were observed in 

the Airyscan confocal lased scanning microscope (objective 63×/1.40 NA). (A-C) overview 

of an area with microtubule branching with TUA6-GFP shown in the green channel (A), 

tagRFP-MAP65-2 in the magenta channel (B) and (C) is a merged picture; measured 

microtubule bundles are visualized with white lines and labeled with numbers according to 

their strength (1 being the weakest and 3 the strongest bundle). Microtubule bundles were 

quantified by fluorescence intensity profiling and averaged values are shown in (D) for TUA6-

GFP and (E) for tagRFP-MAP65-2. Quantitative evaluation is given in (F) for TUA6-GFP and 

(G) for tagRFP-MAP65-2 (mean±SD; R
2
, linear correlation coefficient; N=8, 5 technical 

repetitions). Scale bars, 2 µm. 
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merged A tagRFP-MAP65-2 B eGFP-MAP65-3 C 

1 1 1 

2 2 2 
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Figure 8. Differential colocalization of MAP65-2 and MAP65-3 with mitotic microtubule 

structures. Light sheet microscopy was used to capture growing root of Arabidopsis line 

expressing both tagRFP-MAP65-2 and eGFP-MAP65-3. (A-C) an overview showing merged 

picture (A), magenta channel reporting on tagRFP-MAP65-2 signal (B) and green channel 

depicting eGFP-MAP65-3 signal (C). The boxed area marked by dashed line and numbered 

as 1 in (A-C) is shown stills in (D-H), while the full-line box marked as 2 in (A-C) corresponds 

to stills shown in (I-N). In (D-N) the stills are presented as merged pictures, with 

corresponding images from magenta and green channel bellow them. White full-line brackets 

mark preprophase band (D-F), dotted brackets surround spindle (G, I), white arrowheads point 

to phragmoplast, specifically disc (H, J), ring (K, L) and discontinuous phragmoplast (M, N). 

Scale bars = 10 µm; time format, min:s. 
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tagRFP-MAP65-2 and eGFP-MAP65-3 decorate the preprophase band (Fig. 8D-F), 

while they are absent from the spindle (Fig. 8G,I). As the phragmoplast begins to form, 

the signals of tagRFP-MAP65-2 and eGFP-MAP65-3 reappear (Fig. 8H,J) and both 

follow the expansion of the phragmoplast towards the cell division site (Fig. 8K-N).   

 The LSFM provided information on the general localization of MAP65-2 and 

MAP65-3 during the cell cycle, which was later on confirmed by the SIM platform (data 

not shown). The main advantage of the live cell imaging is that it provides profound 

information on the cellular processes. On the other hand, its applicability is limited. In this 

study, the live cell colocalization studies were restricted to the visualization of two 

fluorophores. For this purpose an optimized protocol for the immunolabelling of 

Arabidopsis roots has been used (Sauer et al. 2006; Šamajová et al. 2014) to colocalize 

MAP65-2, MAP65-3, and tubulin. 

In the fixed samples were observed the microtubules forming the metaphase 

spindle and the ring phragmoplast (Fig. 9A). The subcellular localization of both MAP65-

2 and MAP65-3 (Fig. 9B,C) was visualized. The cell cycle stages were confirmed by 

staining the DNA with DAPI (Fig. 9D). The MAP65-2 and MAP65-3 were not 

colocalizing with microtubules of the metaphase spindle (Fig. 9E-H), corroborating the 

results of the live cell imaging (Fig. 8). On the other hand, both MAP65-2 and MAP65-

3 were detected at the ring phragmoplast (Fig. 9F-H). While MAP65-2 was detected 

along the whole phragmoplast (Fig. 9E), MAP65-3 was localized more discretely at 

the phragmoplast midzone (Fig. 9F-H). Despite the MAP65-2 and MAP65-3 localizing 

at the same mitotic array, their subcellular localization is different, suggesting differential 

roles for these proteins in the organization of phragmoplast. 

 The fixed-sample microscopy is inferior to the live cell imaging in terms of 

the information value on cellular processes. Nevertheless, this approach provided useful 

details on the subcellular localization of proteins of interest while validating 

the observations from live cell imaging. Furthermore, by simultaneous visualization of 

microtubules, MAP65-2, MAP65-3 and DNA, it was possible to describe the localization 

MAP65-2 and MAP65-3 in relation to microtubules at well-specified cell cycle stages.  
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Figure 9. Colocalization of MAP65-2 and MAP65-3 with mitotic microtubular arrays. 

Immunolocalization of tubulin (A), tagRFP-MAP65-2 (B) and eGFP-MAP65-3 (C) combined 

with DAPI staining (D) in roots of line coexpressing tagRFP-MAP65-2 and eGFP-MAP65-3. 

(E-H) present merged images showing combinations of: tubulin, MAP65-2, DAPI (E); 

MAP65-2, MAP65-3, DAPI (F); tubulin, MAP65-3, DAPI (G); tubulin, MAP65-2, MAP65-

3, DAPI (H). White dotted brackets mark the metaphase spindle, white full arrowheads point 

to the ring phragmoplast. Arrowheads and brackets are positioned at the same places in all 

images. Scale bars, 2 µm. Image acquisition by Renata Šnaurová. 
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4 Discussion 

4.1. The interplay of PP2A and MPK3, MPK6 in cell division plane orientation 

The role of plant phosphoprotein phosphatases in formative cell divisions is usually 

described as an indirect one (Michniewicz et al. 2007), although there are examples of 

their direct involvement (Song and Clark 2005; Song et al. 2008). Moreover, the function 

of YDA-MPK3/6 pathway in establishing asymmetric divisions during stomatal 

development is regulated by two different phosphatases (Umbrasaite et al. 2010; 

Tamnanloo et al. 2018). A question arose, whether the plant PP2A, which was reported 

to affect the cell division plane orientation during embryonic and postembryonic 

development (Traas et al. 1995; Camilleri et al. 2002; Blakeslee et al. 2008), might 

control the function of the YDA-MPK3/6 pathway regarding its role in plant  

development.  

 The loss-of-function mpk3 and mpk6 mutants were treated with a phosphatase 

inhibitor to test whether the pharmacological depletion of PP2A affects the function of 

MPK3/6. Both mpk3 and mpk6 mutants are partially insensitive to lower concentrations 

of cantharidin suggesting that PP2A and MPK3/6 act in a common pathway, which affects 

the root tip.  

 Next, the root tip anatomy was examined in mpk6 and rcn1 single and double 

mutants. In the mpk6 and rcn1 single mutants were observed defects in cell division plane 

orientation, corroborating the previous results (Blakeslee et al. 2008; Müller et al. 2010). 

In the mpk6 rcn1 double mutant, fewer defects in the cell wall orientation were noted. 

The observation of milder phenotype in double mutant compared to single mutants 

supports the hypothesis that RCN1 and MPK6 are controlling the cell division plane 

orientation through a common pathway. Future studies should elucidate whether PP2A 

directly interacts with and affects phosphorylation status of MPK3/6. 

 

4.2. HSP90s affect asymmetric cell divisions through modulating YDA-MPK 

cascade 

According to recent report, cytoplasmic HSP90s modulate the function of YDA-MPK3/6 

cascade in the stomatal differentiation pathway (Samakovli et al. 2020). Since this 

signalling cascade is involved in other developmental processes (reviewed in Komis et al. 
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2018a), it was of interest to investigate whether HSP90s affect the function of YDA 

in other developmental events as well.  

 In embryogenesis, the YDA-MPK cascade plays a role in establishing asymmetric 

cell divisions and regulating the expression of cell fate determination factors (Ueda et al. 

2017). Notably, the yda loss-of-function and ΔNyda gain-of-function mutants exhibit 

wrongly positioned cell walls during early embryogenesis, corroborating previous reports 

(Lukowitz et al. 2004). Interestingly, the cell division plane orientation defects were also 

noted for hsp90.1, although they were milder compared to yda mutants. Genetic depletion 

of HSP90.1 rescued the cell division plane orientation defect in yda mutants. 

Furthermore, genetic depletion of HSP90.1 also rescued the cell division plane orientation 

defect in the postembryonic primary root of yda mutants (Smékalová et al. 2014). These 

observations suggest that HSP90s affect both embryonic and postembryonic 

developmental events downstream of YDA, which is in line with the report on the overall 

improved phenotype of hsp90 yda double mutants (Závorková 2019). 

It remains unknown, how exactly does the interaction between HSP90.1 and 

YDA-MPK3/6 pathway affect the cell division plane orientation. Recently, HSP90s were 

reported to be involved in the polarization of YDA in stomatal precursors (Samakovli 

et al. 2020), which is critical for the progression of asymmetric cell division during 

the stomatal differentiation pathway (Zhang et al. 2015; Houbaert et al. 2018). It has been 

suggested that similarly to the polarization during the stomatal differentiation pathway, 

the subcellular localization of YDA could be restricted prior to the formative cell division 

during embryogenesis as well (Jeong et al. 2016). This leads to speculations, that if YDA 

is indeed polarized in early embryogenesis, HSP90s might play a role in it. Another 

possibility is direct involvement of HSP90.1 in the cell division plane orientation, since 

HSP90s were reported to colocalize with phragmoplast (Krtková et al. 2012) and to affect 

microtubule remodelling (Queitsch et al. 2002). 

 

4.3. Visualizing organization and dynamics of MAP65s 

Plant cytoskeleton consists of fine structures which cannot be resolved by the light 

microscopy, as it is limited by the Abbe´s limitation. To circumvent this problem, 

the transmission electron microscopy (Kremer et al. 2015) or superresolution 

microscopic methods can be employed (Komis, et al. 2018b). Alas, the electron 

miscroscopy and many of the superresolution techniques are limited to fixed samples, 
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which restrains their applicability for observation of dynamic processes. Herein, two 

advanced light microscopy platforms, the ACLSM and the SIM, are compared regarding 

their resolution potential and applicability for live cell imaging. The SIM platform 

outperformed the ACLSM regarding the resolution, however, its phototoxicity proved to 

be exceedingly intense for tagRFP-labelled proteins. By contrast, the ACLSM enabled 

simultaneous imaging of GFP- and tagRFP-labelled proteins with fewer issues 

concerning photobleaching. While the ACLSM presents an improved CLSM platform 

(Huff 2016), the performance of SIM might be further improved by implementing other 

microscopy techniques (Vizcay-Barrena et al. 2011; Chen et al. 2014). Another 

possibility of obtaining high resolution images during live cell imaging  is to employ one 

of the recently developed modification of single molecule localization microscopy 

(Dertinger et al. 2009; Cox et al. 2012; Gustafsson et al. 2016).   

 The MAP65-2 and MAP65-3 were previously described to colocalize with mitotic 

structures, even though there are some discrepancies in the reports (Müller et al. 2004; 

Caillaud et al. 2008; Lucas et al. 2011). To determine the subcellular localization of 

MAP65-2 and MAP65-3 throughout the cell cycle, the LSFM was used for mesoscopic 

observation of multiple cell divisions in growing plants. The localization pattern was 

confirmed by high-resolution imaging on the SIM platform.   

 MAP65-2 localizes to the preprophase band and the phragmoplast, corroborating 

the previous reports (Lucas and Shaw 2012). Moreover, the MAP65-3 localization pattern 

was described to be similar to the one observed in previous immunolocalization studies 

(Müller et al. 2004; Ho et al. 2012), which contrasts with the report from live cell imaging 

(Caillaud et al. 2008). This discrepancy is caused by different construction of chimeric 

fluorescent proteins. The N-terminal eGFP-MAP65-3 fusion used in this study appears to 

more faithfully report on the subcellular localizaton of MAP65-3 than the previously 

reported C-terminal MAP65-3-GFP fusion (Caillaud et al. 2008), because the C-terminal 

domain is reposible for subcellular localization of MAP65s (Smertenko et al. 2006; Ho 

et al. 2012). 

Within the phragmoplast, MAP65-2 appears to colocalize with microtubules 

in the entire phragmoplast, while MAP65-3 was detected in the phragmoplast midzone. 

This was observed both in living cells and in fixed samples. The immunolabelling of fixed 

samples enabled simultaneous detection of MAP65-2, MAP65-3, tubulin and DNA, and 

this helped to prove the localization pattern of MAP65-2 and MAP65-3 throughout 

the cell cycle, as well as their differential subcellular localization at the phragmoplast.  
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Conclusively, the choice of the microscopic platforms for live cell imaging 

depends on the tradeoff between resolution capacity and phototoxicity. Moreover, 

the immunolabelling proved to be a valuable tool for confirming the observations from 

live cell imaging. The advanced microscopic techniques provided valuable information 

on the organization and dynamics of MAP65s. In future studies, these methods could be 

employed for ellucidating the differential functions of the members of MAP65 protein 

family. 
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6 Abstrakt 
Mitogenem aktivované proteinkinázy (MPK) se v rostlinných buňkách zapojují do řady 

signalizačních drah. Díky tomu propojují reakce na podněty z okolí s mezibuněčnou 

komunikací. Cílem této práce bylo prozkoumat funkce MPK ve stanovení roviny 

buněčného dělení. Práce byla zaměřena na signální dráhu skládající se z YODA a MPK3, 

MPK3, MPK6 kináz, i které je známé její zapojení do regulace asymetrických buněčných 

dělení během ranné embryogeneze a vývoje primárního kořene u modelové rostliny 

Arabidopsis thaliana. Předmětem zájmu bylo zhodnotit, zda je signalizace YODA-

MPK3/6 kaskádou ovlivněna proteinovou fosfatázou 2A (PP2A) a proteiny teplotního 

šoku 90 (HSP90).  

Funkce PP2A fosfatázy je spojena s kontrolou stanovení roviny buněčného dělení 

a předpokládá se, že tuto úlohu plní regulací fosforylace proteinů zapojených do 

relevantních procesů. Tato práce předkládá hypotézu, podle které PP2A koordinuje 

funkci YODA-MPK3/6 signální dráhy během stanovení roviny buněčného dělení.  

Druhá část této práce je zaměřena na zdokumentování zapojení HSP90 do 

regulace ranné embryogeneze. I v tomto příkladě se předpokládá, že HSP90 by 

embryonální vývoj mohli ovlivňovat skrze interakci s YODA-MPK3/6 signální dráhou.  

V této práci jsou též popsány a porovnány pokročilé mikroskopické techniky. 

Zvláštní důraz je věnován popisu možností jejich praktického využití pro mikroskopické 

pozorování živých buněk exprimujících chimerické fluorescenční proteiny, nebo fixních 

preparátů se strukturami značenými pomocí protilátek. Strukturní iluminační 

mikroskopie a laserová rastrovací konfokální mikroskopie využívající detektor typu 

Airyscan byly využity pro současné zobrazení mikrotubulů a dvou významných proteinů 

asociovaných s mikrotubuly, konkrétně protein asociovaný s mikrotubuly 65 2 (MAP65-

2) a MAP65-3. 

Výsledkem této práce je informování o roli YODA-MPK3/6 signální dráhy ve 

stanovení roviny buněčného dělení a v určení buněčného osudu, a dále o interakci této 

signální kaskády s PP2A and HSP90. Dále je předloženo porovnání pokročilých 

mikroskopických technik, které mohou být využity v budoucích studiích pro objasnění 

mechanismů organizace a dynamických změn cytoskeletu v rostlinných buňkách.  
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