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INTRODUCTION 

The dynamic actin filament (AF) system carries out multiple tasks during plant 
development such as transport of vesicles and organelles, and determination of cell 
growth and morphogenesis. A delicate balance has to be maintained between 
continuous rearrangement of AFs and membrane trafficking for providing instant cellular 
responses to developmental, physiological and environmental stimuli in plant cells. 
The organization, dynamics, and maintenance of actin arrays is determined by 
actin-binding proteins (ABPs) that exist in hundreds of different varieties. Myosins 
constitute a large superfamily of molecular motors, which move along actin tracks in an 
ATP-dependent manner and are key determinants in generating and maintaining 
membrane trafficking and cytoplasmic streaming in plant cells.  

Originally, the goal of this study was to determine the roles of myosins in Arabidopsis 
thaliana (thale cress) by characterizing respective T-DNA insertional mutants. All mutants 
carrying a T-DNA insertion in a single myosin gene were found to have normal 
phenotypes under optimal growth conditions. However, a closer analysis 
revealed impaired growth of root hairs and trichomes in T-DNA insertional lines where 
myosin XI-K had been downregulated.  

The absence of noticeable phenotypes in single mutants of the remaining myosin 
genes in Arabidopsis indicated strong functional redundancy among class XI myosins. 
Next, in order to study redundant roles of the class XI myosins, we established and 
characterize double and triple knock-out lines. For this, single mutant lines of three highly 
expressed class XI myosin genes, XI-K, XI-1, and XI-2, were used. Subsequent 
characterization of these mutant lines showed that the growth of myosin XI single, 
double, and triple knock-out plants decreased proportionally along with the reduction in 
cell size. This indicated that myosins XI-1, XI-2, and XI-K share overlapping roles in cell 
growth, and thus in whole plant development. Since simultaneous inactivation of three 
class XI myosins in a triple myosin knock-out mutant xi1 xi2 xik (3KO) caused severe 
deviations in inflorescence shoot architecture and leaf longevity, we hypothesized that 
myosin motors, similarly to their actin tracks, could be involved in mediating cellular 
signals in auxin- and senescence-related processes. Using flower and leaf development 
of 3KO plants as model systems, we revealed that the auxin- and senescence-related 
processes were indeed affected in tissues of the myosin 3KO plants.  

Our findings demonstrated that myosins XI-1, XI-2, and XI-K in cooperation with actin 
regulate very versatile but still interrelated processes such as: cell growth, tissue 
morphogenesis, fertility, polar auxin transport (PAT), senescence-induced cell death, 
secondary metabolism, and expression of selected genes related to latter processes. 
Comparison of single, double and triple mutants showed that the elimination of myosin 
XI-K affected the growth of mutant plants to a greater extent than removal of XI-1 or 
XI-2. Moreover, stable expression of XI-K genomic sequence fused with yellow 
fluorescent protein (XI-K:YFP) in 3KO plants (3KOR) rescued almost all phenotypic defects 
described above.  

In the next chapters, I will give an overview of how the knowledge about the roles 
of myosin in plants, specifically in Arabidopsis, have evolved during the last decade. In 
addition, I will cover the main developmental processes that are regulated by the 
actomyosin cytoskeleton in plants. The development of epidermal cells and signaling of 
auxin and senescence will be described in more detail. In light of current knowledge, 
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I will sum up how the functionality of plant organism is ensured by interactions among 
its independent organs, and how specific physiological processes described in this work 
are interconnected.   
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ABBREVIATIONS 
 

ABA abscisic acid  
ABP actin binding protein 
ADF actin depolymerizing factor 
AF actin filament 
ARF auxin response factor 
Arp actin-related protein 
At Arabidopsis thaliana 
ATP adenosine triphosphate 
Ca2+ calcium ion 
Col Columbia; ecotype of Arabidopsis thaliana 
DNA deoxyribonucleic acid 
FABD2 fimbrin actin binding domain 2 
F-actin filamentous actin 
FM flower meristem 
G-actin globular actin 
GFP green fluorescent protein 
GTPase guanosine triphosphate hydrolase 
GUS β-glucuronidase  
IAA indole-3-acetic acid  
IAA2 indole-3-acetic acid inducible 2 
IM inflorescence meristem 
JA jasmonic acid  
LSM laser scanning microscope 
MT microtubule 
NPA N-1-naphthylphthalamic acid 
PAT polar auxin transport 
PCD programmed cell death 
PM plasma membrane 
PCR polymerase chain reaction 
qPCR quantitative polymerase chain reaction 
RNA ribonucleic acid 
ROP Rho of plants; plant Rho-like small GTPase  
ROS reactive oxygen species 
RT reverse transcription 
SAG senescence-associated gene 
SAM shoot apical meristem 
SAUR small auxin up-regulated RNA gene 
SCAR/WAVE suppressor of cAMP receptor / WASP family verprolin-homologue 



14 

SEM scanning electron microscopy 
SI self-incompatibility 
T-DNA transferred DNA 
TF transcription factor 
UV-B ultraviolet B 
WT wild type 
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TERMS 

3KO Triple knock-out mutant xi-1/xi-2/xi-k. 
3KOR Rescued 3KO line: genomic sequence of XI-K fused with YFP 

(XI-K:YFP) is stably expressed in 3KO plants. 
DR5::GUS Auxin-responsive reporter system: synthetic auxin-responsive 

DR5 promoter drives β-glucuronidase gene.  
IQ motif Calmodulin-binding motif is an amino acid sequence motif 

containing the following sequence: 
[FILV]Qxxx[RK]Gxxx[RK]xx[FILVWY]. IQ refers to the first amino 
acids of the motif, isoleucine and glutamine. 

IAA2::GUS Auxin-responsive reporter system: auxin-responsive IAA2 
promoter drives β-glucuronidase gene. Indole-3-acetic acid 
inducible 2 is a short-lived transcriptional repressor of early auxin 
response genes. 

PIN1::PIN1-GFP Auxin efflux carrier PIN1 imaging construct: GFP is fused to 
N-termini of PIN1 under the control of the native PIN1 promoter. 

35S::GFP-
FABD2-GFP 

F-actin imaging construct: GFP is fused both to N- and C-termini 
of fimbrin ABD2 under the control of the CaMV 35S promoter. 

distorted (dis) 
mutants 

A class of eight genes, called DISTORTED (DIS), which are required 
for proper expansion of leaf trichomes in Arabidopsis. 

Arp2/3 complex Seven subunit protein complex that plays a major role in the 
nucleation of the actin cytoskeleton. ARP2 and ARP3 together 
serve as nucleation sites for new AFs. This complex is a major 
initiator of actin polymerization that promotes the formation of 
branched AF networks.  

SCAR/WAVE 
complex 

Major regulator of the Arp2/3 complex: these proteins activate 
the Arp2/3 complex to nucleate new AFs.  

T-DNA The transferable DNA segment (T-DNA) of the tumor-inducing (Ti) 
plasmid of pathogenic Agrobacterium species.  

T-DNA 
insertional 
mutant 

The T-DNA is transferred from Agrobacterium into the plant's 
nuclear DNA genome. 

YUCCA genes Encode flavin monooxygenase-like enzymes, which catalyze auxin 
biosynthesis via the tryptophan-dependent pathway. 
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1 REVIEW OF THE LITERATURE 

A large number of cellular processes in plants are controlled by cytoskeleton. One of such 
processes is the trafficking of vesicles and organelles that is orchestrated mainly by actin 
cytoskeleton in plants. The balance between the dynamics of actin cytoskeleton and 
membrane trafficking is necessary for cell growth and thus for proper plant 
development. Constant remodeling of actin cytoskeleton, ensured by hundreds of actin 
binding proteins (ABPs), enables cellular responses to developmental and environmental 
signals. In the review of literature, I will first introduce fundamental aspects of 
actin-dependent processes in plants. As the emphasis of this thesis is on the 
myosin-dependent development of epidermal cells. Therefore, I will describe actin 
cytoskeleton-dependent growth of different epidermal cell types in Arabidopsis. Since 
actin and myosin motors work in close proximity at the cellular level, the possible 
functions of myosins in plant cells are closely linked to the functions of actin. Thus, I will 
also describe how major cellular processes, such as cell growth, morphogenesis, polar 
auxin transport, senescence-associated changes, cell death and regulation of gene 
expression are orchestrated by actin cytoskeleton, and how myosins contribute to 
these processes.  

1.1 Actin cytoskeleton in Arabidopsis 

In eukaryotic cells, intracellular transport, signaling, cell division and cell shape are 
coordinated by the cytoskeleton. In higher plants, the cytoskeleton is made up of two 
types of filaments: actin filaments (AFs), and microtubules (MTs) (reviewed in Reddy and 
Day, 2001). The actin cytoskeleton exists in two forms within eukaryotic cells: a globular 
monomer (G-actin) or as linear filamentous polymer (F-actin or AF), whereas both are 
essential for cellular functions. The AFs are highly dynamic structures present in all 
eukaryotic cells (Thomas et al., 2009). The arrangement and dynamics of AFs, including 
single filament assembly and disassembly, formation of arrays, meshwork or bundles, 
and quick reorganization of these structures is established by a myriad of ABPs. The plant 
actin cytoskeleton is involved in processes such as cellular transportation, signaling, cell 
division, cytoplasmic streaming and morphogenesis. The huge variety of ABPs enables 
rapid and finely tuned changes in AF organization in response to developmental and 
environmental stimuli. A number of studies have shown that the levels of AF organization 
can be modified by changing expressions of different ABPs in plant cells (Higaki et al., 
2010; Thomas et al., 2009).  

1.1.1 Cytoskeleton-dependent morphogenesis of plant epidermal cells 

The plant epidermal cell layer is a multifunctional tissue that keeps inner cells in place, 
decreases water loss, maintains an internal temperature and gas exchange, and resists 
the intrusion by external materials (Qian et al., 2009). These different functions are 
ensured by a number of different epidermal cell types with distinct morphological 
specializations, such as pavement cells, stomatal guard cells, trichomes, root hairs, and 
stigmatic papillae. Mounting evidences suggest that even the less specialized cell types 
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of epidermis require certain signals to ensure their correct differentiation and patterning 
(reviewed in Hong et al., 2018).  

Plant cells use two growth strategies – polar (or tip) growth and diffuse 
expansion. While the tip growth is limited to the very apex of the cell, and diffuse 
growth occurs over a wide area of the cell. Morphologically, tip growing cells are 
filamentous or tubular (e.g. pollen tubes, root hairs and stigmatic papillae) and 
therefore the new cell wall material is delivered exclusively in the apex enriched 
with vesicles and cytoplasm (Franklin-Tong, 1999; Rounds and Bezanilla, 2013; 
Mendrinna and Persson, 2015). Diffuse growth is typical for cells such as pavement 
cells and guard cells that grow within boundaries of the surrounding tissue, where all 
cells are connected to their neighbors (reviewed in Szymanski and Staiger, 2018; Hong 
et al., 2018).  

Cytoskeleton plays an important role in plant cell morphogenesis. It is well 
documented that manipulations of cytoskeleton influence both the polar growth as well 
as the diffuse expansion of epidermal cells: MTs are necessary for establishing and 
maintaining growth polarity/directionality, whereas AFs are required for cell 
expansion/elongation (Figure 1) (Fowler and Quatrano, 1997; Kost et al., 2002; Mathur 
and Hülskamp, 2002).  

Figure 1. Schematic representation of common phenotypes of model cell types resulting from 
defects in actin (red) and microtubule (blue) cytoskeleton. The scheme at the bottom right of the 
figure compares cytoskeleton-related changes on cell growth with the wild type cell: actin 
cytoskeleton defects affect cell elongation/expansion (red), and MT defects affect growth focus, 
increase expansion and general rounding of the cell shape (blue). During root hair (RH) and pollen 
tube morphogenesis, specifically, both the selection of a site for tip growth (*) as well as the 
maintenance of tip growth are influenced by the MT cytoskeleton (Mathur and Hülskamp, 2002; 
used with permission).  
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Actin-dependent plant cell morphogenesis is a complex process. In growing cells, the 
organization of AF arrays, vesicle trafficking, and cell wall assembly are mutually 
interconnected and feedback each other in a temporal and spatial manner. The dynamics 
of the actin cytoskeleton and thus the cell growth is influenced mainly by ABPs and AF 
nucleating proteins (Szymanski and Staiger, 2018). In the cytoplasm of actively growing 
cells, short-lived fine AFs coexist side by side with long-lived stable AF bundles. 
The relationship between the extent of AF bundling and cell growth is well 
documented – it has been shown that the unbundled fine AF meshwork is a 
prerequisite for efficient elongation or expansion of the growing cell (Figure 2) (Mathur 
and Hülskamp, 2002; Nick et al., 2009). 

Figure 2. Hypothetical role of MTs and AFs in growing root hairs and trichomes. (A) In tip-growing 
root hair, fine AF (blue) are concentrated near the apex being branched out from thicker AF bundles. 
Fine AFs are most probably the final tracks for vesicles (carrying cell wall materials; red) that are 
released into vesicle incorporation zone. MTs (green) do not prevail in the zone occupied by fine 
AFs. In diffusely growing cells, the vesicle incorporation zone is much wider compared to 
tip-growing cells. (B) Defects in the actin cytoskeleton result in random movement of vesicles 
and aberrant deposition of cell-building material both in tip-growing (root hair, upper part) 
and diffusely growing cells (trichome, lower part), and leads to reduced cell size and distorted cell 
shape. (C) Defects in the MT cytoskeleton result in a loss of growth polarity. In the absence of 
a clear growth focus vesicles are released at numerous aberrant positions causing the 
formation of multiple growth apices in tip-growing cells (root hair, upper part), and loss of 
growth focus (up-swelling) of diffusely growing cells (trichomes, lower part) (Mathur and 
Hülskamp, 2002; used with permission). 
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Several studies have demonstrated that increased AF bundling affects the cell 
growth in a cell type-dependent manner differently (Fu et al., 2002; Henty et al., 2011; 
Nick et al., 2009). For instance, adf4 (actin depolymerizing factor 4) mutant plants have 
longer hypocotyls than wild type (WT) plants, because mutant cells exhibit enhanced 
AF bundling (Henty et al., 2011).  

1.1.1.1 Actin filament-dependent morphogenesis of Arabidopsis pavement cells  

The most frequently occurring cells in the epidermal layer in plants are pavement cells 
which protect the inner tissues and ensure that more specialized epidermal cells are 
located correctly. In dicots, leaf pavement cells exhibit irregular shapes and resemble 
puzzle pieces interlocked between each other. The puzzle-like shape of leaf pavement 
cells gives the leaf its mechanical strength, and is reflected in the growth of a leaf blade 
that requires cell expansion in all directions. Pavement cells of stems and other elongated 
organs (petioles, pistils, petals etc.) are often more rectangular (or even elongated) in 
shape with their long axis being parallel to the direction of organ expansion (Glover, 
2000; Zhang et al., 2011a).  

The mutations in genes regulating pavement cell morphogenesis lead to cell shape 
defects, such as the reduced lobe formation and gaps between lobe and neck regions. 
Various cellular processes, such as cytoskeletal dynamics, small GTPase signaling, 
endoreduplication, vesicle transport, and sugar metabolism are critical in the 
establishment of epidermal cell shape (Fu et al. 2005; Chary et al. 2008; Qian et al., 2009). 
Several studies have shown that the plant cytoskeleton plays an important role in 
formation of the pavement cell shape (Figure 1) (Mathur and Hülskamp, 2002; Deeks and 
Hussey, 2003; Li et al., 2003; Guimil and Dunand, 2007). In pavement cells, the lobe 
formation depends on AF patches, and the neck region formation relies on MT bands. 
Extensive mutant analysis has shown that actin nucleating complex ARP2/3 (actin-related 
protein 2/3) together with it’s regulator complex SCAR/WAVE (suppressor of cAMP 
receptor/WASP family verprolin-homologue) participates in the lobe formation of 
pavement cells via Rho of plant (ROP) GTPase signaling cascades (Qian et al., 2009). 
However, in diffusely growing cells, tubulin and actin cytoskeletons cooperate to 
maintain mechanical properties of the cell wall and spatial architecture that supports cell 
expansion (Smith and Oppenheimer, 2005; Yanagisawa et al., 2015).  

1.1.1.2 Actin filament-dependent morphogenesis of Arabidopsis trichomes  

Trichomes are large unicellular epidermal outgrowths with a characteristic 
three-dimensional architecture, covering the surface of Arabidopsis leaves and stems. 
It is thought that Arabidopsis trichomes form both a passive barrier against 
photo-damage and overheating as well as a mechano-sensing barrier which triggers plant 
responses after external stimulation (Zhou et al., 2017). In the developing leaf primordia, 
trichomes are the first epidermal cells that begin to differentiate (Hülskamp et al., 1994; 
Larkin et al., 1996, 2003). After cell fate determination, the trichome precursor 
(protodermal cell) stops the mitotic cycle and switches to endoreduplication followed by 
branch initiation. After completion of the branch initiation, a rapid expansion of the 
branches begins (Schwab et al., 2000). Trichome development can be divided into six 
stages. Stage 1 trichomes are defined as radially expanded cells within the epidermis. 
During stage 2, the transition to polar expansion (perpendicular to the plane of the leaf) 
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occurs. During stage 3 of trichome development, branch initiation occurs. Stage 4 
trichomes are defined as cells that have expanded branches with a blunt tip. Stage 5 
trichomes are defined as cells that contain branches with fine tips, and branch and stalk 
expansion during this stage yields the vast majority of the volume of the cell. At stage 6, 
trichome expansion is completed, and the cell wall acquires a papillate surface (Szymanski 
et al., 1999). Mature leaf trichomes of WT plants are approximately 200-400 µm tall, and 
the average DNA content (after four endoreduplication cycles) is about 32C (Hülskamp 
et al., 1994).  

Trichomes are widely used to study how the cytoskeleton influences plant cell 
morphogenesis. It is well known that MT organization regulates the number of branches 
(Oppenheimer et al., 1997; Folkers et al., 2002), and AFs control the length and growth 
direction of the branches (Figure 2) (Mathur et al., 1999; Szymanski et al., 1999; Guimil 
and Dunand, 2007). It is proposed that the interaction of MTs and the AFs in trichome 
cell shape determination is orchestrated by a plant-unique kinesin (Tian et al., 2015).  

 
1.1.1.3 Actin filament-dependent morphogenesis of Arabidopsis root hairs 

 
Root hairs are tubular extensions of root epidermal cells that are important for nutrient 
acquisition, plant anchorage, and microbe interactions (Grierson et al., 2014).  
The development of root hairs begins with the bulge formation at the basal end of a 
trichoblast. Polarized (tip) growth from the bulge can be divided into two growth phases. 
The first growth phase is slow, but when the root hair has reached approximately  
20-40 μm length, the rapid growth phase begins. During tip growth, secretory vesicles 
carrying cell wall components accumulate at the very tip,  below which an  
organelle-enriched zone is located (Figure 2) (Mathur and Hülskamp, 2002). Defects in 
MT cytoskeleton affect root hair formation, and defects in actin cytoskeleton affect root 
hair expansion rate and growth directionality (Yanagisawa et al., 2015). 

In root hairs and pollen tubes, the well-documented mechanism of cytoplasmic 
streaming, named as “reverse fountain”, provides an actin cytoskeleton-dependent 
driving force for positioning and recycling of the cell wall materials (de Win et al., 1999; 
Zhang et al., 2011b). AFs form long-lived cortical cables that run from the base of the 
root hair cell to the tip, and short-lived fine AFs near the cell apex (Figure 2).  
The concentrated G-actin reservoir in the apex is necessary for formation of fine  
short-lived AFs (Mathur and Hülskamp, 2002). It is thought, that the actin polymerization 
exclusively near the cell apex promotes the reversion of the cytoplasmic streaming: the 
forward direction occurs at the cell’s edges, and the backward direction in the cell’s 
interior. The tip-focused formation of fine AFs supports transport and positioning of 
Golgi-derived vesicles carrying precursors for cell wall synthesis, indicating that precisely 
regulated dynamics of actin cytoskeleton contributes to cellular processes, such as 
endocytosis and exocytosis in growing root hair cells (de Win et al., 1999; Zhang et al., 
2011b).  

  
1.1.1.4 Actin filament-dependent morphogenesis of Arabidopsis stigmatic papillae 
 
During pistil maturation, epidermal cells of the stigma, named papillae, extend to form 
elongated cells that are required for pollen grain attachment and germination (Edlund  
et al., 2004). During pollination, factors essential for pollen germination (water, calcium, 
and boron) are actively transported from stigmatic papilla into a pollen grain.  
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In Arabidopsis, immature stigmas are able to promote pollen tube growth to some 
extent, although the immature pistil is then unable to support pollen tube navigation to 
the ovules (Nasrallah et al., 1994).  

Arabidopsis gynoecium development has been investigated extensively (Sessions, 
1997; Bowman et al., 1999; Sundberg and Ferrandíz, 2009), but the role of cytoskeleton 
in gynoecium patterning in general and in stigma development in particular still remains 
almost unstudied. The role of actomyosin cytoskeleton in the growth of stigmatic papillae 
has been demonstrated only by our group – we showed that in Arabidopsis myosin XI 
triple mutant plants the pre-anthesis elongation of stigmatic papilla, and the subsequent 
attachment of pollen are affected (publication II).  

Only one study has shed light on the role of AFs in stigmatic papillae, although it was 
related to cross- and self-pollination events in Brassica rapa, a distant relative of 
Arabidopsis, and not to cell elongation directly (Iwano et al., 2007). Namely, this work 
demonstrated the role of AFs of stigmatic papillae in mediating pollen hydration and 
germination. Briefly, cross-pollination increased AF bundle formation, whereas 
self-pollination induced AF reorganization and depolymerization, thus preventing pollen 
germination. In addition, during cross-pollination concomitant conformational change of 
the vacuolar network was detected. Therefore, a causal relationship between these 
processes was found, suggesting that AF reorganization regulates the structure and 
positioning of vacuoles in papillae during and after cross- or self-pollination in Brassica 
rapa. Hence, the actin cytoskeleton may indirectly regulate transport of ions and water 
to germinating pollen (Iwano et al., 2007). 

1.1.2 Actin cytoskeleton-mediated signaling of gene expression 

The main function of actin cytoskeleton is associated with membrane trafficking, but 
several lines of evidence have emphasized the importance of actin also in gene 
expression (Burgos-Rivera et al., 2008). Actin is an essential component of the cell 
nucleus (Bettinger et al. 2004; Meagher et al., 2010), and some ABPs, such as actin 
depolymerizing factors (ADFs), are also located in the nucleus (Ruzicka et al. 2007). 
Therefore, it has been proposed that nuclear actin together with ADFs may participate 
in the control of gene expression at the level of transcription as well as of chromatin 
remodeling (Bettinger et al. 2004; Miralles and Visa 2006; Visa 2005).  

Cytoplasmic actin together with ABPs provide a key target for many signaling events, 
and can also act as a signal transducer. It is well known that ABPs mediate extracellular 
signals via rearrangements of the cytoplasmic actin arrays (Staiger, 2000; Wasteneys and 
Galway, 2003; Porter and Day, 2015). Limited data indicate that there exists a crosstalk 
between the nuclear and cytoplasmic compartments of actin and ADFs, suggesting that 
some ADFs may function as couriers, mediating the status of cytoplasmic actin 
rearrangements to the nucleus. This crosstalk may provide dynamic guidance for both 
cytoplasmic as well as nuclear compartments of actin cytoskeleton throughout cell 
division, expansion, and organ development (Minakhina et al. 2005; Burgos-Rivera et al., 
2008; Kanellos et al., 2015). 
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2 Myosin motors in plants  
 

Myosins constitute a superfamily of ABPs called molecular motors that move along AF 
tracks in an adenosine triphosphate (ATP) dependent manner. Myosin motors are 
evolutionary conserved in eukaryotes mediating translocation of endomembranes and 
other macromolecular cargoes along the AFs in different cell types (Reddy and Day, 2001; 
Citovsky and Liu, 2017; Duan and Tominaga 2018). Myosin proteins have four domains 
in common: conserved N-terminal motor domain with ATPase and actin-binding 
activities, a neck domain (composed of IQ motifs) that binds calmodulin, a coiled-coiled 
domain for dimerization, and a variable C-terminal cargo-binding tail domain (Figure 3) 
(Reddy and Day, 2001). Phylogenetic analysis using sequences of conserved motor 
domains of 2.269 myosins from 328 organisms has revealed 35 myosin classes in 
eukaryotes of which plant myosins fall into two classes only, VIII and XI (Odronitz and 
Kollmar, 2007).   

More than a decade ago, myosins were well characterized in non-plant systems but 
the information about the presence and roles of these motors in plant cells just started 
to become available. As myosins utilize AFs for motility, it was proposed that the possible 
functions of myosins in plants might be closely linked to the functions of actin.  
Myosin-dependent processes in plant cells remained poorly understood, partly because 
pharmacological or immunological approaches had been mainly used. However, findings 
from these initial experiments suggested that myosins in plants could be involved in 
cellular processes such as cell division (Reichelt et al., 1999), the movement of 
mitochondria (Van Gestel et al., 2002) and chloroplasts (Liebe and Menzel, 1995), 
cytoplasmic streaming (Shimmen and Yokota, 1994), the rearrangement of transvacuolar 
strands (Hoffmann and Nebenführ, 2004), and statolith positioning (Braun et al., 2002). 
First partial or full-length myosin sequences were identified from Zea mays, Helianthus 
annuus, algae Chara corallina and Chlamydomonas reinhardtii (reviewed in Reddy and 
Day, 2001), and Arabidopsis (Knight and Kendrick-Jones, 1993; Kinkema et al., 1994; 
Kinkema and Schiefelbein, 1994; Reichelt et al., 1999). However, the questions about the 
number of myosins, types and roles in plants remained unanswered until the completion 
of the sequencing of the Arabidopsis genome (Arabidopsis Genome Initiative, 2000).  
In 2001, Reddy and Day demonstrated that there are 17 highly conserved myosin-coding 
genes in Arabidopsis genome: 13 isoforms in class XI and 4 isoforms in class VIII  
(Figure 3). Class XI is similar to mammalian class V sharing similar domain structures and 
functions in organelle movement (Reddy and Day, 2001; Sparkes, 2011).  
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Figure 3. Schematic diagram of domain structures of Arabidopsis myosins. The motor domain,  
IQ domains, and coiled-coil domains are as indicated in the key. The bar represents 100 amino acids 
(Reddy and Day, 2001; used with permission). 

Domain structure analysis of these two myosin classes revealed that in general the 
class XI myosins are much longer than the class VIII myosins: the neck region contains 
five or six IQ motifs (except for XI-K), and the length of the carboxy-terminal region 
following coiled-coil domain is much longer. Class VIII myosins contain three or four IQ 
motifs in the neck region, and a slightly longer amino-terminal region before the motor 
domain compared to class XI motors. The coiled-coil domains of all myosins vary 
considerably in length and number (Reddy and Day, 2001). 

The division of high number of Arabidopsis myosin genes into just two classes was 
surprising since majority of non-plant organisms possess more than two myosin classes 
with only few members per each class. For example, the myosin genes of Saccharomyces 
cerevisiae are divided into three classes, and the ones of Caenorhabditis elegans and 
Drosophila melanogaster into seven and nine myosin classes, respectively. In the light of 
this knowledge, a number of questions about the roles of myosins in plants were raised. 
Why do higher plants have only two myosin classes? What is the biological need for the 
exceptionally high number of myosin genes in class XI? The phylogenetic analysis of 
full-length sequences of plant myosins revealed a clear dichotomy among Arabidopsis 
myosins. Class VIII myosins formed one subgroup with two pairs: ATM/VIIIA and 
VIIIB/ATM2. Class XI myosins formed two subgroups with three outliers: first subgroup 
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containing one myosin pair XIC/XIE and two unpaired myosins, XIK and MYA1; the second 
subgroup containing three myosin pairs – XI-B/MYA-2, XI-G/XI-H, and XI-D/XI-A. The rest 
of class XI myosins, XI-J, XI-F and XI-I, were positioned on separate branches. 
The similarity of myosin full length sequences within the class XI ranged from 40 to 85%, 
and the one for the class VIII myosins from 50 to 83%. Subsequent analysis of exon-intron 
composition revealed that the large number of myosin genes in class XI is the result of 
gene duplication events. Therefore, it was proposed that both the dichotomy as well as 
the high number of class XI myosins in Arabidopsis may reflect both functional 
redundancy as well as functional diversity (Reddy and Day, 2001). 

In later years, genome sequencing of different plant group species such as green 
algae, mosses, monocots, and dicots has enabled to classify plant myosins in a more 
proper way. It was revealed that several higher plant species also possess increased 
number of class XI myosin isoforms. For example, while moss Physcomitrella patens has 
just two myosin XI genes, Arabidopsis thaliana, Oryza sativa, and Brachypodium 
distachyon have 13, 12, and 9 genes, respectively (Jiang and Ramachandran, 2004; 
Peremyslov et al., 2011; Vidali et al., 2010). The classification of plant myosins was 
further validated by Peremyslov and colleagues by using phylogenetic analysis of myosin 
motor domains (2011) (Figure 4). According to this, class VIII myosins were divided into 
two distinct lineages, VIII(A) and VIII(B), and class XI myosins into five lineages – XI(I), 
XI(G), XI(F), XI(K), and XI(J). The phylogenetic tree showed that green algae, the ancestors 
of land plants, possess also just two myosin classes (VIII and XI) (beige boxes in Figure 4). 
Previously, two algal myosins from Acetabularia peniculus were classified as belonging 
to a separate class XIII (Foth et al., 2006), but later analysis showed their clear affiliation 
with class XI (Peremyslov et al., 2011; Figure 4). Moss (P. patens) and lycopsid 
(S. moellendorffii) possessed also the same two classes of myosins (brown boxes in 
Figure 4), whereas moss class XI myosins clustered with flowering plant myosins. Authors 
concluded that the origin of the flowering plants was associated with several duplication 
events in class XI and a single duplication event in class VIII, suggesting a diversity of 
functions for the paralogous myosins. Only the group XI (F) myosins were not duplicated 
in any of the plant lineages analyzed. Moreover, authors showed that plant myosin genes 
exhibit an alternative splicing of their corresponding transcripts which may also increase 
myosin variants with distinct functions (Peremyslov et al., 2011).  
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Figure 4. Phylogenetic tree of the motor domains of plant myosins. Each terminal node of the tree 
is labeled by the two-letter abbreviation of the corresponding species name and the unique myosin 
gene code. The myosin clusters are highlighted according to corresponding plant taxa as follows: 
algae in blue, mosses in beige, dicots in green, and monocots in gray. Abbreviations indicate:  
Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Dd, Dictyostelium discoideum; Ap, Acetabularia 
peniculus; Cr, Chlamydomonas reinhardtii; Ot, Ostreococcus tauri; Pp, Physcomitrella patens;  
Sm, Selaginella moellendorffii; At, Arabidopsis thaliana; Mt, Medicago truncatula; Pt, Populus 
trichocarpa; Vv, Vitis vinifera; Sb, Sorghum bicolor; Bd, Brachypodium distachyon; Os, Oryza sativa. 
For selected major branches, bootstrap support values (percentage) are shown. Braces at the right 
designate corresponding subfamilies of the class VIII and XI myosins. Red vertical lines indicate 
Arabidopsis myosins (Peremyslov et al., 2011; used with permission). 
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Authors complemented also the nomenclature of plant myosins proposed by Reddy 
and Day (2001) with some modifications as shown in Table 1 (Peremyslov et al., 2011). 
In the following text, I have used the myosin nomenclature as listed in Table 1. 

Table 1. Nomenclature of the Arabidopsis class XI and class VIII myosins (Peremyslov et al., 2011; 
used with permission). 

2.1 Roles of class XI myosins in Arabidopsis 

Progress in plant myosin research during last decade has been advanced due to 
emergence of novel approaches such as gene knock-out technologies, dominant negative 
inhibition, and RNA interference (publication I; Avisar et al., 2008a, 2008b; Peremyslov 
et a., 2008, 2010; Prokhnevsky et al., 2008; Sparkes et al., 2008; Natesan et al., 2009; 
Sattarzadeh et al., 2009; Ueda et al., 2010; publication II). Initial characterization of class 
XI myosins revealed that in single mutant lines where myosins XI-K and XI-2 were 
inactivated the growth of root hairs was reduced (publication I; Peremyslov et al., 2008). 
Additionally, xi-k mutants exhibited also mildly distorted trichomes (I). It was shown that 
at the cellular level these two myosins contribute to the transport of peroxisomes, Golgi 
stacks, mitochondria, and processing bodies (P-bodies) (Peremyslov et al., 2008; Steffens 
et al., 2014). Another single mutant, xi-i, showed defective nuclear shape and movement, 
though no visible defects were apparent at the whole plant level (Tamura et al., 2013). 
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The absence of significant phenotypes among the single mutants of the rest of 
isoforms indicated a strong functional redundancy among class XI myosins in Arabidopsis, 
and several research groups started to create and describe various multiple knock-outs. 
Subsequent characterization of double knock-out mutants revealed that myosin XI-B is 
also involved in the root hair growth (Prokhnevsky et al., 2008). Moreover, myosin XI-1 
was shown to contribute to organ size development and organelle transport, but only 
when myosin XI-K had been simultaneously inactivated (Prokhnevsky et al., 2008). 
Phenotypic analysis of double mutant xi-1/xi-k and xi-2/xi-k plants revealed that myosin 
XI-1, XI-2 together with XI-K significantly contribute to the development of aerial organs 
such as rosette leaves, and inflorescence shoots (Prokhnevsky et al., 2008; publication II). 
Latter works also showed that another double mutant, xi-f/xi-k, displays stem 
hypergravitropism in response to light and gravity (Okamoto et al., 2015), and xi-c/xi-e 
mutant exhibits defects in pollen tube growth (Madison et al., 2015).  

Studies using dominant negative inhibitions were consistent with knock-out mutant 
analysis.  These results showed that the transient expression of myosin XI-1, 
XI-2, XI-C, XI-E, XI-I, and XI-K tail fragments inhibits Golgi stack movement in Arabidopsis 
plants (Sparkes et al., 2008; Avisar et al., 2008a, 2012). In addition, the expression of the 
XI-K tail fragment also inhibited the movement of the pre-vacuolar compartment and 
endosomes as well as cytoplasmic streaming, suggesting that myosin XI-K could be a 
major regulator of cytoplasmic dynamics (Avisar et al., 2012). Similarly, using both RNA 
interference and dominant negative inhibition, it was shown that class XI myosins 
regulate the dynamics of chloroplast stromules (Natesan et a., 2009; Sattarzadeh et al., 
2009). 

Subsequently, studies using triple (3KO), quadruple (4KO) and quintuple (5KO) 
mutants emphasized that five myosins - XI-1, XI-2, XI-B, XI-I, and XI-K, critically contribute 
to both polarized and diffuse cell expansion, and thus to organ growth and whole plant 
development (Prokhnevsky et al., 2008; Peremyslov et al., 2010; publication II). 
Simultaneous myosin inactivation in 3KO, 4KO or 5KO background resulted in reduced 
cell size, stunted growth, delayed bolting, and reduced fertility (Peremyslov et al., 2010, 
publication II). At the cellular level, 3KO, 4KO or 5KO plants exhibited cell-type specific 
changes in organization of AF bundles as well as in mobility of organelles, Golgi bodies, 
peroxisomes, and mitochondria (Peremyslov et al., 2008; 2010; Prokhnevsky 2008; Ueda 
et al., 2010). Ueda and colleagues showed that myosins XI-K, XI-1, and XI-2 are also 
responsible for the ER flow along AF bundles (2010).  

Still, the exact mechanism by which myosins support plant cell growth remains 
unclear, i.e. whether large organelles or small vesicles constitute the main myosin 
cargoes. Analysis of subcellular localization of myosin XI-K:YFP revealed its association 
with vesicle-like compartments rather than with large organelles (Peremyslov et al., 
2012). Thus, a paradox was found here. Although total endomembrane trafficking 
(motility of organelles, vesicles, the trans-Golgi network, endosomes, and the entire 
cytoplasmic streaming) depended on class XI myosins (Peremyslov et al., 2010; Avisar 
et al., 2012), the major player, myosin XI-K, did not co-localize with these organelles 
or vesicles (Peremyslov et al., 2012). Further studies were performed to identify 
possible cellular receptors for class XI myosins. It was found that myosin XI-K is indeed 
attached to membrane anchored myosin binding proteins (MyoBs) that decorate 
vesicles moving in a continuous and rapid manner distinct from the slower movement of 
organelles and major carrier vesicles. It was proposed that the vesicles decorated by 
MyoB and myosin XI form a specialized transport system, whereas organelles and carrier 
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vesicles are passively dragged along with it (Peremyslov et al., 2013). Additionally, a few 
years later the same group identified also putative myosin adaptors (MadA and MadB), 
implying that the myosin XI interactor network is more complex than previously 
suspected (Kurth et al., 2017). As myosin XI-dependent MyoB-decorated vesicles moved 
along AF bundles at the velocity of cytoplasmic streaming, the authors hypothesized that 
class XI myosins could play a major role in generating a motive force for cytoplasmic 
streaming (Peremyslov et al., 2015). The detailed analysis of AF dynamics in 3KO cells 
revealed that three Arabidopsis class XI myosins contribute to actin remodeling by 
stimulating AF turnover and generating the force for AF shape change (Cai et al. 2014). 
This explained, why in cells of myosin multiple mutants the cytoplasmic streaming was 
slowed down, the elongation of epidermal cells was reduced, and plant size and 
fertility were affected (Tominaga et al., 2013; Peremyslov et al., 2015). Therefore, it 
was proposed that cytoplasmic streaming, generated by organelle-associated class 
XI myosins moving along AF bundles, is very likely a key determinant of plant size. 
This assumption was proven elegantly by using stable expression of high- and low 
speed myosin XI-2 chimeras in Arabidopsis. This experiment showed that size change 
of these transgenic plant lines correlated with acceleration and deceleration, 
respectively, of cytoplasmic streaming (Tominaga et al., 2015).   

Most recent studies, using myosin triple mutant 3KO plants as a model system, have 
revealed that class XI myosins mediate fundamental cellular responses such as 
gravitropism, auxin responses, and cell division (Scheuring et al., 2016; Talts et al., 2016; 
Abu-Abied et al., 2018). In the first paper we showed that 3KO inflorescence stems 
exhibit impaired stem gravitropism, which was related to physical features, actin 
cytoskeleton, and amyloplast sedimentation (Talts et al., 2016). A publication by another 
group reported that myosin 3KO root cells show moderate unresponsiveness to 
exogenous auxin treatment, exhibiting partially auxin-insensitive vacuoles (Scheuring et 
al., 2016). Using root development as a model, the authors of a third study revealed that 
class XI myosin together with actin contribute to polar auxin transport (PAT) and cell 
division (Abu-Abied et al., 2018). The most recent study showed the role of myosin XI in 
exocytosis of cellulose synthase complexes (Zhang et al., 2018).  

All developmental defects related to class XI myosins in Arabidopsis described 
above, are listed in Table 2, and expression patterns are summarized in Figure 5 
(reviewed by Duan and Tominaga, 2017). 



29 

Figure 5. Summary of the expression patterns of class XI myosin isoforms in Arabidopsis. Black 
characters indicate expression pattern data obtained using Affymetrix DNA microarray results for 
Arabidopsis. Myosin genes XI-K, XI-1, XI-2, XI-H, and XI-I showed highly abundant transcripts in 
broader range of organs; XI-B, XI-F, XI-G, and XI-J were transcribed at intermediate levels and 
limited to specialized cells; XI-A, XI-C, XI-D, and XI-E showed specialized expression in stamen and 
pollen. Blue characters indicate expression pattern data obtained from published results using 
different experimental approaches (fluorescent protein fusions, promoter::GUS reporter, and 
knock-out analysis) (Duan and Tominaga, 2017; used with permission). 
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Table 2. Developmental defects related to class XI myosins (modified from Duan and Tominaga, 
2017; used with permission). 

 
Root 
Root elongation and 
branching 
 
 
Root hair elongation 
 
 
 
 
AF organization and 
dynamics 
 
 
 
Nuclear shape and 
dynamics 
 
Organelle motility 
 
 
Auxin transport 
 
 
Leaf 
Cell expansion/leaf 
growth 
 
Trichome 
development 
 
 
AF organization 
 
 
Nuclear shape 
 
 
 
 
Organelle motility 
 
 
Cell death 
 
 
 
Inflorescence stem 
Bolting 
 
Bolt height 
 
 
Shoot branching 
 
 
 

 
XI-1, XI-2, XI-K 
 
 
 
XI-1, XI-2, XI-K, XI-B 
 
 
 
 
XI-1, XI-2, XI-K, XI-I 
 
 
 
 
XI-I 
 
 
XI-2, XI-K 
 
 
XI-1 XI-2 XI-K 
 
 
 
XI-1, XI-2, XI-K, XI-B, XI-I 
 
 
XI-1, XI-2, XI-K, XI-I 
 
 
 
XI-1, XI-2, XI-K, XI-I 
 
 
XI-2, XI-K, XI-I 
 
 
 
 
XI-1, XI-2, XI-K, XI-B, XI-I 
 
 
XI-1, XI-2, XI-K 
 
 
 
 
XI-1, XI-2, XI-K, XI-B, XI-I 
 
XI-1, XI-2, XI-K, XI-B, XI-I 
 
 
XI-1, XI-2, XI-K 
 
 
 

 
Root elongation of 3KO seedlings is decreased, and 
root branching is increased (inducible by dark 
treatment). 
 
Root hair elongation is inhibited in single mutant xi-k 
(I) and xi-2, and the phenotype is amplified in 
respective double (II), triple (II) and quadruple 
mutants. 
 
AF dynamics is moderately decreased in xi-k root 
hairs, and significantly affected in 3KO and 4KO 
mutants since they exhibit less dense and more 
bundled AFs in the epidermal cells. 
 
In root hairs of xi-i mutant nuclear shape and 
movement are affected. 
 
XI-2 and XI-K play major roles in organelle trafficking 
in root hairs. 
 
In 3KO mutant seedlings, the activity of auxin 
responsive DR5 promoter is decreased, and root 
cells exhibit partial loss of PIN1 polarization.  
 
The diffuse growth of epidermal cells is inhibited in 
double, triple (II), and quadruple mutants. 
 
Single mutant xi-k, double mutant xi-k/xi-2, and 
triple mutant exhibit distorted trichome phenotype 
(I, II).  
 
AF organization is affected in leaf midvein epidermal 
cells of xi-k/xi-2, 3KO, and 4KO mutants. 
 
Trichome nuclei of xi-1, xi-2, xi-k, xi-1/xi-2 and xi-1/xi-
k and 3KO plants exhibit abnormally elongated nuclei 
(II). 
xi-i single mutant has more spherical nuclei.  
 
 XI-2 and XI-K play major roles in organelle trafficking 
in leaf epidermal cells. 
 
3KO mutant plants exhibit premature leaf 
senescence accompanied by the loss of chlorophyll, 
and up-regulation of the stress-inducible early 
senescence associated SAG13 gene (III). 
 
Late bolting phenotype in 3KO (II) and 4KO mutants.  
 
Inhibited bolt height in double (II), 3KO (II), and 4KO 
mutants. 
 
Increased formation of secondary and tertiary 
branches on primary inflorescence stem of 3KO 
mutant plants (III). 
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Straightening 
 
Flower  
/Reproduction 
Stigma development 
 
 
Pollen tube growth 
 
 
Seed set 
 
 
Auxin transport 

 
 

XI-1, XI-2, XI-K, XI-F 
 
 
 
XI-1, XI-2, XI-K 
 
 
XI-A, XI-D, XI-C, XI-E 
 
 
XI-1, XI-2, XI-K 
XI-A, XI-D, XI-C, XI-E 
 
XI-1, XI-2, XI-K 

Delayed sedimentation of amyloplasts in 3KO 
mutant stem. XI-F exhibits specific expression in the 
fiber cells of stem. 
 
Delayed elongation of stigmatic papillae of 3KO 
mutant pistils (II). 
 
Double mutants xi-a xi-d and xi-c xi-e have slower 
pollen tube growth rates in vivo. 
 
Reduced seed-set phenotype in 3KO mutant (II) and 
in double mutants xi-a/xi-d and xi-c/xi-e. 
 
Decreased activity of DR5 promoter in 3KO mutant 
bolts is accompanied with partial loss of PIN1-GFP 
polarization in triple mutant pistils (III).  

 
Taken together, studies of class XI myosin have shown that these molecular motors 

drive the motility of different vesicles and organelles (Avisar et al., 2008, 2009; 
Peremyslov et al., 2008, 2010, 2013; Prokhnevsky et al., 2008; Sparkes et al., 2008; Ueda 
et al., 2010; Tamura et al., 2013), influence cytoplasmic streaming (Shimmen and Yokota, 
2004; Avisar et al., 2012; Tominaga et al., 2013; Peremyslov et al., 2015), modulate AF 
organization, and thereby affect cell expansion, plant morphology (publication I, II; 
Peremyslov et al., 2008, 2010; Prokhnevsky et al., 2008; Park and Nebenführ, 2013; 
Madison et al., 2015; Okamoto et al., 2015), and responses to external/environmental 
stimuli (Scheuring et al., 2016; Talts et al., 2016; Abu-Abied et al., 2018).  

Expression analysis of Arabidopsis myosins (using public Affymetrix DNA microarray 
data and Genevestigator tools) revealed that myosin XI genes can be roughly divided into 
three groups (Peremyslov et al., 2011). The first one includes five highly expressed genes 
(XI-K, XI-1, XI-2, XI-H, and XI-I), suggestive of having important roles in plant 
development. Indeed, data available for these myosin functions confirms that they have 
major, albeit redundant, roles in intracellular dynamics, cell expansion, and organ growth 
(as discussed above). The genes (XI-B, XI-F, XI-G, and XI-J) in the second group are 
transcribed at intermediate levels, indicating that they might be less relevant for plant 
development or alternatively have more specialized roles (Peremyslov et al., 2011). 
Accordingly, the specific function of the XI-F is related to plant stem responses to gravity 
and light (Okamoto et al., 2015), whereas XI-B contributes to root hair growth 
(Prokhnevsky et al., 2008; Peremyslov et al., 2010). On the other hand, the XI-B and XI-J 
genes are preferentially expressed in pollen, implying a specific role in pollen tube 
growth. The third group of myosins (XI-A, XI-C, XI-D, and XI-E), seem to have very 
specialized roles, since they are all expressed exclusively in stamen and pollen 
(Peremyslov et al., 2011). Indeed, experiments with double mutant xi-c/xi-e confirmed 
that myosins XI-C and XI-E are required for efficient pollen tube growth (Madison et al., 
2015). 

Nonetheless, the functions of class XI myosins are not yet fully understood.  
Very recent research elegantly shows that specific roles of class XI myosins in plants could 
be also related to their distinct motile and enzymatic activities (Haraguchi et al., 2018). 
Based on in vitro motility assays of recombinant myosins, 13 class XI myosins were 
broadly classified into three groups, where a rough correlation between tissue-specific 
expression and velocity groups was found. Briefly, high-velocity group contained mainly 
pollen-specific myosins (XI-A, XI-C, XI-D, XI-E, XI-F, XI-G), medium-velocity group 
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contained mainly widely expressed myosins (XI-1, XI-2, XI-B, XI-H, XI-J, XI-K), and the  
low-velocity group contained only one myosin, XI-I. The authors concluded that they did 
not find a correlation between the myosin grouping generated using velocity analysis and 
the one generated using phylogenetic analysis (Haraguchi et al., 2018).  
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3 Crosstalk between actomyosin cytoskeleton and auxin 

Majority of plant growth processes rely on controlled levels of, and responses to, 
phytohormone auxin. Indole-3-acetic acid (IAA) is the principal naturally occurring auxin 
which plays critical regulatory roles in plant development since it regulates both 
expansion and polarity of individual cells, as well as initiation and patterning of organs. 
Auxin is believed to be active in the form of free acid synthesized from the precursor 
tryptophan, though endogenous levels of the hormone are controlled also by processes 
such as oxidation and conjugation. IAA-conjugates (IAA-amino acids, IAA-sugar, and 
IAA-methyl ester) are believed to be involved in IAA transport and storage, and for 
controlling of the pool of the free IAA (Östin et al., 1998).  

Since auxin action depends on its differential distribution in plant tissues, it has to 
be transported from the sites of synthesis (shoot and root meristem, organ primordia) 
to the sites of action – primarily downward from shoots and upward from roots. 
Long-distance auxin transport occurs passively, via phloem, and short-distance 
transport occurs from cell to cell. Depending on the protonation state, auxin can diffuse 
either passively (IAAH) from cell to cell or require active (IAA-) transporters located at 
the plasma membrane.  The major determinant of auxin actions is differential auxin 
distribution (local auxin maxima or gradients between cells) which is created by 
directional cell to cell transport mechanism known as polar auxin transport (PAT) 
(Petrášek and Friml, 2009). These transient auxin concentration gradients underlie 
developmental processes such as meristem initiation, organ primordia formation, 
embryo morphogenesis, lateral root formation, as well as regulation of phyllotaxy and 
vascular tissue differentiation, photo- and gravitropic responses (Berleth and Sachs, 
2001; Vanneste and Friml, 2009; Cardarelli and Cecchetti, 2014; Adamowski and Friml, 
2015). PAT is mediated by auxin uptake permeases and efflux carrier proteins that 
localize to PM in an asymmetric manner. PIN-FORMED (PIN) and ATP-binding cassette 
transporters/P-glycoprotein (ABCB/PGP) families are principal auxin efflux carriers 
whereas members of Auxin-Resistant 1/LIKE-AUX1 (AUX1/LAX) family are major auxin 
uptake carriers  (Okada et al., 1991; Bennett et al., 1996; Gälweiler et al., 1998; Luschnig 
et al., 1998; Marchant et al., 1999; Swarup et al., 2001; Geisler and Murphy, 2006; Krecek 
et al., 2009; Zažímalová et al., 2010; Swarup and Péret, 2012; Adamowski and Friml, 
2015). The regulation of PAT mainly depends on the action of auxin efflux carriers of the 
PIN and ABCB/PGP families (Geisler and Murphy, 2006; Vanneste and Friml, 2009; 
Adamowski and Friml, 2015). Both auxin influx permease AUX1, as well as efflux carriers 
(PINs and ABCBs) cycle between the plasma membrane and endosomal compartments 
(Geldner et al., 2001; Kleine-Vehn et al., 2006; Cho et al., 2007; Kleine-Vehn and Friml, 
2008; Titapiwatanakun et al., 2009; Kleine-Vehn et al., 2011; Swarup and Péret, 2012; 
Cho and Cho, 2013; Wang et al., 2013). 

In addition to being essential for cell integrity, actin cytoskeleton contributes to PAT. 
Various genetic and pharmacological studies have revealed a tight interplay between 
auxin signaling and actin cytoskeleton. On the one hand, the patterning of AF arrays is 
modulated by auxin (Figure 6); on the other hand, auxin transport depends on the 
organization and dynamics of AFs (Nick et al., 2009; Zhu and Geisler, 2015; Wu et al., 
2015; Zhu et al., 2016; Eggenberger et al., 2017; Huang et al., 2017).  
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Figure 6. Effect of auxin and auxin transport inhibitor on AF stability and cell growth in the root 
elongation zone. In comparison to the control (A) (thick green lines), exogenous IAA application 
significantly reduces cell length, which is accompanied by AF bundling (B) (thick green lines). In 
contrast, auxin export inhibitor, 1-N-Naphthylphthalamic acid (NPA) decreases cell elongation 
moderately which is accompanied by partial depolymerization of AFs (C) (fragmented green lines 
and punctuated structures) (modified from Zhu and Geisler, 2015; used with permission). 

The existence of a crosstalk between auxin and actin is also supported by findings 
that both localization and recycling of auxin importers and exporters depends partially 
on AFs (Geldner et al., 2001; Kleine-Vehn et al., 2006; Dhonukshe et al., 2008; Wu et al., 
2015; Zhu and Geisler, 2015). Therefore, it has been proposed that AFs both determine 
the localization of auxin efflux carrier complexes at membranes and mediate vesicle 
delivery between the plasma membrane and internal cellular compartments (Figure 7) 
(Muday and DeLong, 2001). 

Figure 7. The effect of cytochalasin D on PAT. In control cells, cortical AFs localize the auxin efflux 
carrier complexes at membranes (A) and/or AFs serve tracks for vesicle delivery between the 
plasma membrane and internal cellular compartments (B). The PAT is reduced in cells treated with 
actin polymerization inhibitor (cytochalasin D), (C, D) since the loss of AFs affects the correct 
localization of the efflux carrier complexes at membranes (C) and/or prevents AF-mediated vesicle 
cycling (D) (modified from Muday and DeLong, 2001; used with permission).  
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However, the exact role of the actin cytoskeleton in PAT is still unresolved. It has 
been suggested that interactions between auxin and actin are not only dose- and  
time-dependent, but also species- and organ-dependent (Zhu and Geisler, 2015).  

In roots, the main function of auxin is to inhibit cell elongation while in shoots it 
stimulates cell elongation. The importance of AF bundling in auxin-controlled cell growth 
has been demonstrated also. Therefore, the auxin-actin interaction in these different 
organs (shoot versus root) can be summarized as follows: auxin-induced cell elongation 
is accompanied by debundling of AFs in the shoot, while auxin-inhibited cell elongation 
in root cells is associated with enhanced AF bundling (Holweg et al., 2004; Nick, 2010; 
Rahman et al., 2007; Li et al., 2014). Although auxin transport has been well characterized 
in both roots and shoots, the information about auxin transport and its role in elongation 
is limited. In particular, it is not clear whether the proteins mediating PAT are separate 
from the protein mediating auxin action on cell elongation or whether these two 
processes might be mediated by the same receptor. It has been proposed that this  
root-shoot puzzle could be explained by the action of hypothetical auxin-actin 
integrators which may have opposite effects on AF stability and dynamics in a  
tissue-specific manner (reviewed in Zhu and Geisler, 2015). 

Even though myosin and AFs act in concert, the potential role of myosins in auxin 
responses has begun to be revealed recently. First, one of the studies reported that 
myosin 3KO roots show moderate unresponsiveness to exogenous auxin treatment, 
exhibiting partially insensitive vacuoles (Scheuring et al., 2016). Because both the AF 
architecture and dynamics are altered in myosin 3KO cells (Ueda et al., 2010; Peremyslov 
et al., 2010; Cai et al., 2014; Scheuring et al., 2016), it is likely that the mutant cells are 
less responsive to stimuli such as auxin signaling. Second, very recent findings (Abu-Abied 
et al., 2018) have shown that there is a correlation between altered architecture of 3KO 
roots, reduced auxin gradient, and partial loss of PIN1 polarization in stele cells.  
These results provide the first line of evidence that PAT could be, at least partly,  
myosin-mediated process in Arabidopsis.  

 

3.1 Role of auxin in regulating flower development in Arabidopsis 
 

During the transition from vegetative phase to flowering, the shoot apical meristem 
(SAM) becomes the inflorescence meristem (IM) (Hempel and Feldman, 1995). The IM 
generates the floral meristems (FM) on its flanks, and FMs produce floral primordia 
(Alvarez-Buylla et al., 2010). Floral organs are initiated sequentially by the FM which 
produces four whorls: the outermost whorl of sepals, second whorl of petals, a third 
whorl of stamens and innermost whorl of carpels. Arabidopsis flower development 
before fertilization is summarized in Figure 8 (Larsson et al., 2014). During first two 
stages, FM and primordium are formed. First floral organs to arise from FM are sepals. 
Next, the petal and stamen primordia are formed, and the last organ to bulge out from 
FM is gynoecium. During late growth stages, organ growth continues and the last tissue 
which develops on the top of the gynoecium is stigma. By stages 10-11, pistil growth is 
completed. At the stage 12 petals are equal in length to stamens, and the onset of flower 
bud opening (anthesis) begins at stage 13, followed by self-fertilization at stage 14.  
For self-fertilization to occur, anthers must reach the stigma for proper pollination (Aloni 
et al., 2006; Larsson et al., 2014). 
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Figure 8. Schematic diagram showing 14 stages of Arabidopsis flower development. At stages 1 
and 2, the floral meristem and primordium are formed. At stage 3, sepal primordia become visible 
and continue growing until enclosing the flower meristem (until to stage 6). At stage 5, petal and 
stamen primordia start to form. At stage 6, gynoecium primordium becomes visible. At stages 7 
and 8, the growth of floral organs continues and by stage 9, stigmatic papillae appear at the top of 
the gynoecium. At stage 12, petals are similar in length to stamens. Anthesis occurs at stage 13, 
fertilization occurs at stage 14. Floral meristems (FM), pink; sepals, green; petals, bright pink; 
stamens, blue; gynoecia, yellow; ovules, dark green (adapted from Alvarez-Buylla et al., 2010; used 
with permission). 

The emergence and morphogenesis of the gynoecia and stamens, the most modified 
floral organs, requires elevated auxin production (Okada et al., 1991; Sessions et al., 
1997; Nemhauser et al., 2000; Aloni et al., 2006; Cheng et al., 2006; Cecchetti 
et al., 2008; Sundberg and Ferrandíz, 2009; Hawkins and Liu, 2014). During floral organ 
development, auxin gradients are formed by local auxin biosynthesis and PAT, which 
leads to organ outgrowth and tissue differentiation. Figure 9 illustrates gradual changes 
in sites of free IAA production (detected by DR5::GUS expression) during Arabidopsis 
flower development (Aloni et al., 2006). 

Figure 9. Schematic diagram illustrates gradual changes in the sites of free-IAA production.  
Free-IAA production was detected with auxin-responsive promoter-reporter system DR5::GUS (blue 
color). (A-E) Flower organ development in Arabidopsis. (A) In young floral bud, free-IAA 
accumulates at the tip of the developing sepals (the bud is loaded with conjugated auxin).  
(B) Free-IAA production at the sepal tips and massive auxin production in the stamens demonstrates 
stamen dominance and petal suppression. (C) Decreased free-IAA production in the stamens 
(DR5::GUS activity limited to the anthers) is followed by emergence of free-IAA auxin production in 
the growing stigma and petals. (D) Elevated free-IAA production in the stigma; low auxin 
production in ovules, nectaries, petal tips and stamen-filament tips. (E) Residual free-IAA 
production beneath the stigma, elevated auxin production in developing seeds, and continuous 
production in nectaries. Arrows mark sites of auxin production. Red lines indicate short xylem 
veinlets induced by developing seeds (adapted from Aloni et al., 2006; used with permission). 
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Briefly, dynamic auxin distribution within the periphery of the IM specifies the site 
of FM initiation, while auxin maxima present at the tips of developing floral organ 
primordia mediate organ growth and patterning. For example, the elevated auxin 
accumulation in growing stamens becomes limited when the petal growth is initiated. 

According to Nemhauser’s model, the auxin gradient spreads along the 
apical-basal axis of the emerging gynoecium drives pistil development, which means that 
apically synthesized auxin is transported downward (Nemhauser et al., 2000). Thereat, 
high auxin levels specify stigma and style identity, intermediate auxin levels specify ovary 
identity, and lower auxin levels specify gynophore identity. More than a decade later 
both by Hawkins and Liu as well as Larsson and colleagues have proposed an alternate 
model for auxin-dependent patterning of gynoecium (2014) (Figure 10). This model 
suggests that auxin-mediated adaxial-abaxial polarity of the gynoecial primordium drives 
pistil development. According to this model, auxin is synthesized at the basal end of 
the primordium and delivered to apices via basipetal transport. Thereat, two 
oppositely-oriented auxin flows in epidermis determine a change of auxin transport 
direction toward the interior of the primordium. Since PAT now takes place in two 
laterally localized foci, adaxial-abaxial symmetry of the developing gynoecia is generated 
(Hawkins and Liu, 2014; Larsson et al., 2014). This theory is supported by studies showing 
that the auxin efflux carrier PIN1 accumulates apically in epidermal cells of developing 
gynoecia, indicating upward auxin transport (Sorefan et al., 2009; Grieneisen et al., 2013; 
Larsson et al., 2014). 

Figure 10. Model of the auxin-dependent patterning during early gynoecium development.  
(A) Gynoecium at floral stage 8. False colors indicate lateral (abaxial) and medial (adaxial) tissues 
(domains), and ovule primordia. (B) The outgrowth of two carpel primordia from floral meristem 
depends on PIN1-mediated lateral auxin maxima as well as subsequent internal auxin drainage.  
At early floral stage 5, auxin transport occurs toward emerging carpel primordium, and the auxin 
maximum is generated along the lateral plane of the primordium. At late floral stage 5 (just before 
the gynoecium bulges out) PAT is organized into two laterally localized foci: opposing auxin flows 
converge on the epidermal centers of each carpel primordium and create auxin response maxima. 
These convergence sites mark boundaries between the adaxial and abaxial tissues. At floral stage 
7, both medial and lateral domains are provided with auxin from the base. Later the cylindrical tube 
of gynoecium differentiates into stigma/style at the apex and gynophore at the base (Modified 
from Larsson et al., 2014; used with permission). 
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4 Leaf senescence 

Senescence in plants is a highly regulated degeneration of cells, tissues, organs or the 
whole organisms that occurs as a part of development or can be induced prematurely by 
stress (Buchanan-Wollaston et al., 2003; Kim et al., 2016). Senescence in plants is most 
distinctive at the organ (leaf) or organismal (whole plant) level (Kim et al., 2016). 
The emergence and growth of new leaves requires nutrients from the rest of the plant. 
The mature leaf is the primary source of nutrients for plant development. When the leaf 
is no longer contributing to the growth of the whole plant, the senescence process is 
induced. Senescence, the terminal phase in leaf development, is programmed 
degradation of cellular components that results in programmed cell death (PCD) 
(Buchanan-Wollaston et al., 2003; Lim et al., 2003). The degradation products of 
senescing tissues are recycled to support the growth of newly forming organs such as 
leaves, roots, tubers, shoots, flowers, fruits, and seeds (Himelblau and Amasino, 2001; 
Maillard et al., 2015). In Arabidopsis, the initiation of leaf senescence usually coincides 
with the switching to flowering that is accompanied by termination of vegetative 
meristem activity. Senescence progresses until fruit development and maturation are 
complete, and ends with the death of leaf tissues. Without external stress, leaf longevity 
depends on two parameters: leaf age, and age of the whole plant (Zentgraft et al., 2004; 
reviewed in Bresson et al., 2018).   

Leaf senescence is characterized by loss of chlorophyll, degradation of organelles, 
autolysis of the tonoplast and subsequent removal of the cytoplasm (Weaver et al., 1998; 
Lin and Wu, 2004; Zentgraf et al., 2004; Hou et al., 2013; Watanabe et al., 2013; Woo 
et al., 2013; Kim et al., 2016).  Leaf senescence can be divided into three stages: initiation, 
reorganization, and termination. The initiation of senescence is driven by multiple 
simultaneously coordinated signals mediated by hormones, sugars, reactive oxygen 
species (ROS), and calcium, which will activate a regulatory transcriptional network 
(Lim et al., 2007). During the reorganization phase, the cells are intensively restructured, 
macromolecules are degraded, and nutrients are recycled. These processes involve many 
proteases and their regulators, and transportation of degradation products. 
Chloroplasts are the first organelles that are affected by the degradation process, and 
the breakdown of chlorophyll is one of the main visible symptoms for leaf senescence 
giving the leaf a characteristic yellowish color. It has been suggested also that 
chloroplasts might regulate the senescence in leaves by generating ROS, which damage 
cell structures and functions (Zapata et al., 2005; Zimmermann and Zentgraft, 2005). 
ROS-signaling has been shown to promote senescence and age-induced PCD 
via induction of senescence associated genes (SAGs) (Rogers 2013; reviewed in 
van Hautegem et al., 2014). Anti-oxidative enzymes, such as catalases and 
peroxidases, have a key role in detoxifying ROS generated during cellular component 
breakdown (Buchanan-Wollaston et al., 2003). Similarly, increased accumulation of 
anthocyanins during senescence has also been reported to protect against 
ROS-induced stress. The detoxification is important for maintaining the functionality of 
nuclei and mitochondria and for preserving transcriptional control and energy supply 
throughout the process (reviewed in Bresson et al., 2018). During the termination 
phase, cell death is initiated – vacuoles are disrupted, and subsequent release 
of nucleases and proteases initiates the acidification of cytoplasm, which leads to 
the gradual  degradation of the cytoplasm, fragmentation of  nuclear DNA and 
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organelles, and weakening of the membranes (Zimmermann and Zentgraft, 2005; 
reviewed in Bresson et al., 2018). 

As mentioned above, senescence can be either a developmentally controlled 
process or be induced prematurely by a number of different environmental stresses such 
as pathogen infection, nutrient deficiency, drought, darkness, detachment, ozone or 
UV-B. During stress-induced senescence certain parts of the plant are sacrificed to ensure 
the survival of the rest of the plant. For example, pathogen infection of a single leaf will 
induce the senescence in that particular leaf (Beers and McDowell, 2001; Bresson et al., 
2018). 

A major question in leaf senescence concerns the nature of the mechanisms 
initiating this process. In the light of current advances, it is known that radical cellular 
changes are transformed to cellular responses via changes in transcription. At the 
gene expression level, many transcription factors, chromatin-modifying 
factors, post-translational regulators, receptors, signaling components for hormones 
and stress responses, and metabolism regulators are differentially expressed over the 
time course of leaf senescence (reviewed in Bresson et al., 2018; Kim et al., 2016). 
For example, several transcriptomic, metabolomics or reverse genetic approaches have 
revealed that almost 6400 genes are differentially regulated throughout the leaf 
senescence in Arabidopsis. Based on their differential expression patterns, these 
genes were grouped into 48 clusters indicating the complexity of the regulatory 
networks, and providing a global view how distinct pathways become active at different 
time points of senescence (Breeze et al., 2011; Bresson et al., 2018). Large number of 
genes encoding proteins that drive breakdown of cellular components, including 
short-chain alcohol dehydrogenase SAG13, and cysteine protease SAG12, are 
up-regulated during leaf senescence (Weaver et al., 1997; Buchanan-Wollaston et al., 
2003; Lin and Wu, 2004; Zentgraf et al., 2004; Watanabe et al., 2013; Woo et al., 
2013; Kim et al., 2016). It is well established that SAG12 gene is up-regulated only 
late in senescence, in yellowing tissues (Swartzberg et al., 2006), and that it is one 
of the few genes from the group which is specifically induced by developmental 
senescence. The expression of SAG13 is triggered early in senescence, prior to the 
onset of visible aging symptoms and its levels then increase with the progression of 
senescence. Its expression is enhanced by various senescence-inducing stress-treatments, 
such as detachment, hormonal treatment, darkness, drought, wounding, and 
pathogen attack. In contrast, SAG12 only rarely responds to these treatments. 
Therefore, it is proposed that SAG12 could be the best marker for age-related 
developmental-senescence and SAG13 for stress-induced senescence or general 
cell-death (Schippers et al., 2007).  

In Arabidopsis, the rate of senescence in different rosette leaves and in different 
cells within the same leaf is not synchronous. Therefore, the dark-treatment method has 
been widely used for inducing and synchronizing the senescence processes in leaves. 
Weaver and colleagues (1998) showed already two decades ago that several SAGs were 
differentially expressed after stress treatments, including darkness.  



40 

4.1 Actin filament role in mediating cell death 

The actin cytoskeleton is a major target and effector of signaling cascades in both animal 
and plant cells. Several findings have shown that alterations in the cytoskeleton 
polymerization status are critical for triggering PCD in plants (Smertenko et al., 2003; 
Thomas et al., 2006; Breeze et al., 2011; Keech, 2011; Smertenko and Franklin-Tong, 
2011; Chang et al., 2015). First evidences that actin dynamics is regulating PCD were 
obtained by investigating self-incompatible (SI) Papaver rhoeas pollens. In incompatible 
field poppy pollen, SI triggers a calcium-signaling cascade which leads to growth 
inhibition, AF depolymerization, and PCD. Using actin-stabilizing and depolymerizing 
drugs (jasplakinolide and latrunculin B, respectively), it was shown that changes in AF 
dynamics are sufficient to induce PCD in SI pollen evidenced by the activation of a 
caspase-like enzyme upstream of DNA fragmentation (Thomas et al., 2006).   

The integrity of AFs and the cytosolic Ca2+ reservoir play important roles also in 
stress-induced PCD signaling in plants. It has been shown that the actin related protein 2 
(Arp2) acts as a regulator of cytosolic Ca2+ in response to salt stress in Arabidopsis. 
Plants lacking Arp2 or other proteins of the conserved ARP2/3 complex have disordered 
organization of AF bundles, exhibit salt-induced increases in cytosolic Ca2+ level, 
decreased movement of mitochondria, and hypersensitivity to salt. Mitochondria-related 
changes in arp2 mutant are associated with salt-induced cell death. The results indicate 
that the AF organization regulates mitochondria-dependent Ca2+ signaling in response to 
salt stress. Because mitochondria move along AFs and function as Ca2+ stores in plant 
cells, any stress changing these events can induce mitochondria-mediated PCD processes 
in plant cells (Zhao et al., 2013).  

The contribution of actin cytoskeleton to senescence was shown indirectly by 
analyzing transcriptomic profiles of Arabidopsis leaves undergoing developmental 
senescence. It was found that the AFs, their myosin motors and the villin/profilin ABPs 
appeared to be more stable (upregulated) than the components of the tubulin 
cytoskeleton in senescing leaves. Therefore, the author proposed that the functions of 
actin cytoskeleton could be more important than those of MT cytoskeleton during leaf 
senescence (Keech, 2011). 

4.2 Leaf senescence and auxin 

Phytohormones play key roles in senescence processes. Senescence is accelerated by the 
hormones ethylene, abscisic acid (ABA), and jasmonic acid (JA) that mediate plant 
responses to biotic and abiotic stresses (Kim et al., 2011). Auxin’s involvement in 
senescence has been observed over two decades (Noodén and Noodén, 1985; Lim et al., 
2010; Kim et al., 2011; Ren and Gray, 2015; Cha et al., 2016), but its role in leaf 
senescence has remained unclear due to controversial results reporting either negative 
or positive effect of auxin (Lim et al., 2010; Kim et al., 2011; Hou et al., 2013; Ren and 
Gray, 2015; Cha et al., 2016). From one hand, exogenous application of auxin, mutations 
in auxin response factor genes (ARF1 and ARF2) (Lim et al., 2010), and over-expression 
of flavin monooxygenase coding YUCCA6 gene (Kim et al., 2011) delay chlorophyll loss 
and down-regulate or retard the expression of SAG12 gene. These findings suggest that 
auxin could be a negative regulator of leaf senescence. On the other hand, it has been 
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shown that in senescing leaves of Arabidopsis, the concentration of free IAA is twice as 
high as in non-senescing leaves (Quirino et al., 1999) and transcription of many genes 
involved in auxin biosynthesis (tryptophane synthase TSA1 and nitrilases (NIT1–NIT4)) 
are up-regulated (Quirino et al., 1999; van der Graaff et al., 2006). These results suggest 
that auxin has a senescence-promoting effect. Recent advances in this field show that 
overexpression of small auxin up RNA gene SAUR36 promotes leaf senescence in 
Arabidopsis, indicating that auxin acts indeed as positive regulator of leaf senescence 
(Hou et al., 2013). 

4.2.1 Anthocyanins, auxin signaling, stress-response and senescence 

Anthocyanins, a goup of pink, red, purple or blue pigments, are naturally occurring 
secondary metabolites in plants that belong to flavonoids. Anthocyanins are present in 
many tissues such as leaves, stems, roots, tubers, fruits, and seeds (Williams and Grayer, 
2004). Accumulation of anthocyanins in tissues has been related to auxin signaling, stress 
responses (Solfanelli et al., 2006) and senescence processes (Brown et al., 2001; Feild 
et al., 2001; Buer and Muday, 2004; Besseau et al., 2007; Schippers et al., 2007; Falcone 
Ferreyra et al., 2012). In Arabidopsis, anthocyanins accumulate in variable amounts in 
leaves and stems in light and nutrition-dependent manner (Holton and Cornish, 1995; 
Gou et al., 2011), and have been shown to be potentially protective agents against 
photo-oxidative damage (Havaux and Kloppstech, 2001).  

Numerous investigations point to the auxin’s role in modulating flavonoid 
biosynthesis, whereas flavonoids, in turn, are considered to be endogenous regulators of 
auxin efflux carriers, suggesting a mutual crosstalk between these processes (Murphy 
et al., 2000; Brown et al., 2001; Buer and Muday, 2004; Peer et al., 2004; Besseau et al., 
2007; Peer and Murphy, 2007; Santelia et al., 2008; Zažímalová et al., 2010; Lewis et al., 
2011; Kuhn et al., 2016). In particular, auxin transport is elevated in inflorescences, 
hypocotyls, and roots of plants of the flavonoids-deficient mutants (Murphy et al., 2000; 
Brown et al., 2001; Lewis et al., 2011).  

Anthocyanin accumulation in Arabidopsis is also an easily visible marker of plant 
response to stress conditions. Environmental stresses such as nutrient (nitrogen and/or 
phosphorus) deficiency, wounding, pathogen attack, JA treatment, drought, and various 
light conditions (UV, visible, and far-red radiation) have all been associated with 
anthocyanin accumulation in various tissues (Diaz et al., 2006; Misiyra et al., 2013). 
Accumulation of anthocyanins and acceleration of senescence are also well documented 
under certain stress conditions including reduced nitrogen levels and high light intensity. 
During senescence, anthocyanins reduce the risk of photo-oxidative damage in leaf cells 
and thereby may help to retrieve nutrients from senescing tissues (Feild et al., 2001; 
Peng et al., 2008; Misyura et al., 2013).   
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5 AIMS OF THE STUDY 

Over the previous decades several kinds of evidence suggested that myosins are present 
in plant cells. The sequencing of the first plant genome, Arabidopsis, revealed a number 
of myosin genes. However, a systematic analysis of myosin functions in plants was 
missing. Thus, the aims of the current study were: 

• to reveal the roles of individual Arabidopsis myosins in plant development by
characterizing the phenotypes of T-DNA insertional mutants;

• to study the highly redundant roles of class XI myosins by establishing double
and triple mutant lines, and to characterize major developmental disorders of
these mutant lines;

• to determine whether important developmental processes such as auxin- and
senescence-associated responses are mediated by actomyosin cytoskeleton in
plant cells by using the development of inflorescences and leaves of myosin XI
triple mutant plants as the model systems.
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6 MATERIALS AND METHODS 

The following experimental methods described in the indicated publications were used 
during this study: 

• Northern blot analysis of XI-K transcripts (publication I)

• Trichome isolation, imaging and measurements (publications I, II)

• Double and triple mutant generation (crossings); DR5::GUS, IAA2::GUS and 
PIN1::PIN1-GFP crossing into xi-1/xi-2/xi-k background; homozygous plant 
selection (publications II, III)

• Phenotyping: measuring sizes of plant organs and circularity of pavement cells
(publication II)

• SEM imaging of floral organs (publications II, III)

• Alexander’s staining of anthers (publication II)

• Aniline blue staining of pollen tubes in vivo (publication II)

• Quantitative GUS assays of plant extracts and histochemical GUS assay of intact 
plant tissues (publication III)

• Confocal imaging of fluorescent proteins in plant tissues (publications II, III)

• Measurement of anthocyanin accumulation (publication III)

• RNA isolation and reverse transcription polymerase chain reaction (RT-PCR) 
analysis (publications II, III)

• Polymerase chain reaction (PCR) (publications I, II, III)
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7 RESULTS AND DISCUSSION 

7.1 Downregulation of myosin XI-K affects epidermal cell growth in 
Arabidopsis (publication I) 

The existence of multiple myosin genes in fully sequenced Arabidopsis genome was 
originally confirmed by phylogenetic analysis performed by Reddy and Day in 2001, but 
the systematic analysis of mutants was not available at that time. Thus, our first aim was 
to systematically characterize the possible phenotypes of T-DNA insertional mutants of 
all 17 Arabidopsis myosins. According to our results, only the mutant lines where T-DNA 
was inserted into myosin XI-K gene showed different phenotypic features in comparison 
with WT Columbia plants (publication I). To genetically characterize the functions of 
XI-K, we used three different mutant lines that carried homozygous T-DNA insertions in 
the first intron, the fifth exon and the 29th exon of the XI-K gene. Mutant lines were 
named xik-1, xik-2, and xik-3, respectively (Figure 11; publication I). 

Figure 11. Schematic diagram of Arabidopsis myosin XI-K gene with the positions of the T-DNA 
insertions. Black boxes indicate the exons and black lines introns. Positions of T-DNA insertions in 
mutant lines XIk-1, XIk-2, and XIk-3 are indicated. LB, left border; RB, right border of T-DNA 
(publication I). 

RT-PCR based analysis showed that XI-K is expressed throughout the development 
of Arabidopsis plants – in seedlings, roots, leaves, stems, flowers, and siliques. 
The presence of XI-K transcripts in mutant lines was analyzed by both RT-PCR and 
Northern blotting. With RT-PCR, using amplification of regions upstream and 
downstream of T-DNA insertion sites, we were able to detect the XI-K transcripts in 
mutant seedlings (data not shown). However, the Northern blot analysis revealed the 
XI-K transcripts in WT plants only, but not in any of xik mutant lines (publication I). Thus, 
we concluded that the phenotypic changes of xik mutant lines (described below) were 
due to insufficient amount of functional XI-K gene product. Several years later, using 
more accurate RT-qPCR method, the significantly decreased expression levels of XI-K 
gene in single mutants, xik-1 and xik-2, were confirmed by our group (Talts et al., 2016).  

7.1.1 Myosin XI-K contributes to tip growth of root hairs (publication I) 

Phenotypic analysis of xik mutant lines revealed that downregulation of XI-K in all three 
mutant lines affected the growth of specialized epidermal cells – root hairs and 
trichomes. Elongation of the root hairs of seedlings grown on sugar-free medium was 
reduced up to 50% in xik-1 and xik-2 lines, and up to 23% in xik-3 line, when compared 
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to WT plants. This indicated that mutations located in the beginning of the gene 
sequence influence the phenotype, more than those at end of the gene. The average 
growth rate of root hairs, measured in xik-2 line, was approximately 30% slower in 
comparison with WT cells. Our results, both the decreased length and the slower growth 
rate of mutant root hairs, supported the notion that myosin XI-K contributes to the 
root hair development via tip growth (publication I). This was later confirmed by 
the observation that full length and functional XI-K fused to YFP (XI-K:YFP) exhibits 
enriched localization in the tip area of root hairs where it associates with vesicles 
moving along the longitudinal AF bundles (Peremyslov et al., 2012).  

Interestingly, when grown in the medium supplemented with 1% of sucrose or 
glucose, the root hairs of all three mutant lines remained shorter than those of WT, and 
also exhibited a significantly curled phenotype (publication I). In contrast, root hairs of 
xik mutant seedlings grown in sucrose-free medium were straight. Since sugars, at low 
concentrations, act as growth promoters, the curled phenotype of xik mutant root hairs 
could be caused by unbalanced transport of plasma membrane and/or cell wall 
components. The misdistribution of plasma membrane or cell wall components in 
actively growing mutant cells may indeed affect growth direction (publication I). 
This hypothesis was supported by the recent work of Zhang and colleagues who showed 
that class XI myosins are involved in exocytosis of cellulose synthase complexes in 
etiolated hypocotyl epidermal cells of Arabidopsis seedlings (2018).  

7.1.2 Myosin XI-K contributes to diffuse growth of trichomes (publication I) 

Since the root hairs represent only one type of plant hairs, the hairs of aerial organs, 
trichomes on stems and leaves, were also examined in xik mutant plants. The difference 
between WT and xik mutant trichomes was evident in shape and size. Most striking was 
the changed shape of mutant trichomes, whereas the number of trichomes per leaf did 
not differ from that of the WT (publication I). In WT, leaf trichomes normally consist of 
three to four branches of equal length symmetrically arranged on the top of the stalk. 
In xik mutants, the equal length and symmetrical arrangement of trichomes branches 
was affected: up to 60% of mutant leaf trichomes exhibited bent shape, abnormally 
decreased branch length, and/or expanded interbranch zone. The proportion of 
trichomes with abnormally shorter branches was doubled in mutant lines (publication I). 

It is well known that actin cytoskeleton is essential for normal trichome 
morphogenesis. Interestingly, the phenotype of xik trichomes was somewhat similar to 
the trichomes described in distorted mutants, albeit the phenotype of xik trichomes was 
much weaker. Despite the weak phenotypic correlation between distorted and xik 
mutants, it was tempting to speculate that myosin XI-K may contribute to AF regulation 
(publication I). This assumption turned out to be correct as it was confirmed first by Ueda 
and colleagues (2010) three years later, who showed that inactivation of XI-K affected 
the ER movement, formation of thick ER strands, and formation of AF bundle-dependent 
transvacuolar cytoplasmic strands.  

During early trichome development (stages 1 and 2), actin is organized into short 
and fine filaments that form thicker bundles as the trichome matures (at stage 3). 
After completion of the branch initiation a rapid expansion of the branches begins (stages 
4 and 5), and AFs form thick bundles parallel to the long axis of elongating branches. 
Near the branch tip, fine, transversely aligned AFs are present (Mathur et al., 1999; Tian 
et al., 2015), suggesting similar situation as in tip growing cells. The trichome phenotype 
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of xik mutants indicated that myosin XI-K is particularly important for the normal 
elongation of trichome branches (publication I).   

7.2 Simultaneous elimination of myosins XI-1, XI-2, and XI-K affects 
both cell size and organ growth in Arabidopsis (publication II) 

At this stage, the data about the functionality of individual myosins was still limited, since 
only three publications had demonstrated the role of single class XI myosins in plants: 
XI-K and XI-2 in the growth of Arabidopsis root hairs and trichomes (I publication; 
Peremyslov et al., 2008), and XI-B in the development of rice pollen (Jiang et al., 2007).  

According to phylogenetic analysis, Arabidopsis myosins XI-K and XI-2 belong to two 
paralogous groups, XI-1/XI-K and XI-2/XI-B, suggesting that their functions might be 
overlapping or redundant (Reddy and Day, 2001). To reveal the redundant roles of 
paralogous myosins XI-K and XI-1 and non-paralogous myosin XI-2, we generated and 
characterized double and triple mutant lines xi-1/xi-2, xi-1/xi-k, xi-2/xi-k, and xi-1/xi-2/xi-k 
(3KO) (publication II). T-DNA insertion sites for single mutant lines which were used for 
obtaining double and triple mutant lines are shown in Figure 12 (publication II). 

Figure 12. A schematic diagram of Arabidopsis myosin XI-1, XI-2, and XI-K genes with the 
positions of the T-DNA insertions. Black boxes represent exons, black lines introns, and empty 
boxes represent 5' and 3′ untranslated regions, respectively (publication II).  

To confirm that the T-DNA was indeed inserted solely into single myosin loci, the 
homozygous single mutant lines used for this work were checked using adapter 
ligation-mediated PCR method (O’Malley et al., 2007) (K. Talts and K. Tanner, 
unpublished data).  

Phenotypic characterization of these mutant lines showed that the growth and 
architecture of myosin XI single, double, triple knock-out plants was decreased 
progressively along with the reduction in cell size (publications I and II):  

- xi-1 -  no phenotype 
- xi-2 -  short root hairs 
- xi-k -  short root hairs, mildly distorted trichomes with shorter branches 
- xi-1/xi-2 - comparable to xi-2 (short root hairs) 
- xi-1/xi-k - comparable to xi-k (short root hairs, mildly distorted trichomes) 
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- xi-2/xi-k - root hair and trichome phenotype of single mutants was augmented; size 
of rosette leaves and flowers, as well as height of inflorescence shoots was affected 

- xi-1/xi-2/xi-k (3KO) - root hair, trichome, and rosette leaf phenotype of xi-2/xi-k 
line was augmented; bolting time, flower development, and fertility (silique size) were 
affected. 

Prior to our study, double mutant analysis of paralogous myosins XI-K/XI-1 and 
XI-2/XI-B was performed by Prokhnevsky and colleagues (2008). Their results indicated 
that the myosins XI-K, XI-2, and XI-B, but not XI-1, exhibited overlapping and additive 
roles in the root hair elongation. Moreover, using triple and quadruple mutants, they 
demonstrated redundant roles of myosins XI-1, XI-2, XI-K, XI-B, and XI-I in determining 
the rosette size, shoot height and fertility (Peremyslov et al., 2010). Our results were 
consistent with these data since similar developmental defects were observed in the 
double mutant and 3KO plants (publication II). Moreover, we showed that myosin XI-K 
together with XI-2 and XI-1 significantly contributes to the growth of trichome branches 
and lobe formation of pavement cells (publication II). We also found that decreased 
elongation of stigmatic papillae was partially responsible for the reproduction defects in 
3KO plants (publication II).  

7.2.1 Simultaneous elimination of myosins XI-1, XI-2, and XI-K affects the growth of 
leaf epidermal cells to various extents (publication II) 

Since the growth of xi-2/-xi-k and 3KO rosettes was decreased in comparison with WT 
plants, it was investigated further. First, our measurements showed that the petiole 
elongation of xi-2/-xi-k (76% of WT) and 3KO (60% of WT) plants was affected more than 
the elongation of leaf blades (79% of WT for 3KO). Epidermal cell size measurement 
revealed that both xi-2/xi-k and 3KO leaves had smaller (17% and 35%, respectively) 
pavement cells than WT. At the same time, pavement cells of 3KO leaves were 
significantly less lobed (i. e. more round) (publication II). According to phenotype 
analysis, it seemed that the growth of elongated (or tubular-shaped) cells was more 
affected than the growth of other cell types in 3KO background. Therefore, 3KO rosettes 
looked very small. Most probably, this was due to cell shape differences between these 
two tissues – tube shaped cells of the petiole versus pavement cells of the leaf blade. 
This suggests that at a certain developmental stage, the growth spurt of tubular-shaped 
cells is fast and intense, and demanding more cellular resources, such as myosin XI 
mediated vesicular transport. Consistent with this, the largest effect on AF organization 
and vesicle distribution was observed in leaf midvein epidermal cells (also 
tubular-shaped cells) of 3KO plants (Premyslov et al., 2010; publication III).  

In addition, the trichome phenotype of the xik single mutant was significantly 
enhanced both in xi-2/-xi-k and in 3KO background – the length and growth 
direction of trichome branches was markedly affected, whereas the branch number 
was not altered (publication II). The average branch length of xi-2/xi-k and 3KO plants 
was 70% and 40% of WT, respectively. Also, trichomes of xi-1/xi-k, xi-2/xi-k and 
3KO plants exhibited abnormally elongated stalks. In WT, the stalk height 
constitutes approximately half of the branch length, whereas in xi-2/xi-k and 3KO 
the height of trichome stalk constitutes 70% and 90% of the branch length, 
respectively. In the case of 3KO, the length of trichome stalks was equal 
(or slightly longer) to the branch length. SEM analysis revealed that in 
xi-2/-xi-k and 3KO mutants, the irregular trichome phenotype became apparent by late 
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stage 5 of trichome development, indicating that class XI myosins are required for the 
rapid elongation of trichome branches (publication II).  

The comparison of xi-2/-xi-k and 3KO plants with those of distorted group mutants 
revealed an apparent similarity in the trichome phenotype of the 3KO with pirogi and  
xi-2/xi-k with spirrig plants. Nevertheless, the overall phenotype severity of  
xi-2/xi-k and 3KO plants was weaker than that of distorted mutants. For example, gaps 
between adjacent cells in cotyledons and hypocotyls, typical for distorted mutants, were 
not apparent in myosin mutants. On the other hand, the abnormal elongation of 
trichome stalks (typical for xi-2/xi-k and 3KO trichomes) has not been reported for 
distorted mutants. The lobe formation of pavement cells and branch elongation of 
trichomes are known to depend on the AF organization and dynamics. The phenotypic 
similarity between myosin mutants and distorted mutants suggests AF defects in these 
mutants. Indeed, AF defects in myosin mutants has been proven to be true by several 
authors (Peremyslov et al., 2010; Uead et al., 2010; Cai et al., 2014; publication III;  
E.-L. Ojangu, unpublished data, Figure 13).  

Hülskamp and colleagues found that mutants with smaller trichomes may contain 
less DNA, whereas mutants with increased cell size were found to have higher DNA 
content (1999). We therefore tested whether the decreased size of trichomes in myosin 
mutants might be related to the reduced ploidy level. Although we did not detect 
differences in ploidy level, the trichome nuclei had a markedly elongated shape in xi-2/xi-k 
and 3KO mutants. Trichomes of all single mutants and double mutants xi-1/xi-2 and  
xi-1/xi-k had spherically shaped nuclei, similar to WT. Quantification of sphericity 
revealed that nuclei of WT trichomes had the most circular shape while xi-2/xi-k and 3KO 
trichome nuclei had significantly elongated shape (publication II).  

The role of AFs in movement of nuclei has been investigated (Ketelaar et al., 2002; 
Higa et al., 2014), but not their role in determining shape of nuclei. In fully developed 
epidermal cells, nuclei are associated with (or pulled by) longitudinal AF bundles running 
throughout the cell (Higa et al., 2014). Since AF organization in epidermal cells of both 
xi-2/xi-k and 3KO plants is significantly affected, a clear correlation between nuclear 
shape and AF orientation can be drawn. Figure 13 illustrates AF organization in WT 
Columbia (Col) and 3KO trichomes (E.-L. Ojangu, unpublished data).  
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Figure 13. AF organization in trichomes of WT Columbia (Col) and 3KO plants. AFs are visualized 
with actin tracer GFP-ABD2-GFP. In Col, AF bundles are oriented in parallel to the long axis of the 
branches. The 3KO trichome displays perpendicular orientation of AF bundles. Scale bar is 50µm. 
(E.-L. Ojangu, unpublished data).  

It is possible that misoriented AFs in xi-2/xi-k and 3KO trichomes physically strech 
the nucleus thereby decreasing its spericity. Interestingly, the roles of AFs and myosin 
XI-I in shaping the nucleus and mediating its relocation (through binding nuclear 
envelope protein WIT2) have been described (Tamura et al., 2013; Zhou et al., 2015). 
Moreover, the most recent data show that mCherry-tagged myosin XI-K (XI-K:mCherry) 
in Arabidopsis localizes both along thick cortical arrays (corresponding to AF bundles) 
and in thinner arrays surrounding the nucleus, as well as inside the nucleus (Kurth et al., 
2017). 

Taken together, the phenotypic comparison of single, double and 3KO mutant plants 
indicates that myosins XI-1, XI-2 and XI-K have redundant functions in the polarized and 
diffuse growth of epidermal cells in Arabidopsis.  Myosin XI-K has a leading role and XI-1 
and XI-2 have minor roles in growth of plant cells, and myosin XI-2 contributes to the cell 
elongation more than XI-1 (publication II). Therefore, we conclude that among class XI 
myosins, XI-K is a key player regulating cell growth and plant development in Arabidopsis. 

7.2.2 Simultaneous elimination of myosins XI-1, XI-2, and XI-K affects the 
reproduction of myosin 3KO plants (publication II) 

To assess the fertility of mutant lines, the number and length of the siliques per plant 
were measured and the number of seeds per silique was counted. Fertility of single and 
double mutant lines was comparable to WT and was therefore not further investigated. 
In 3KO plants, we found that after onset of flowering, up to 60% of siliques emerging on 
the primary shoot remained mostly seedless. SEM analysis revealed that these 3KO 
siliques contained mostly unfertilized ovules. About three weeks after bolting, there was 
a “switch” and plants started to produce siliques only slightly underdeveloped or normal 
in size. Such siliques comprised up to 28% of unfertilized ovules. Interestingly, the 
variations in silique size were readily apparent on primary shoots and less obvious on 
axillary shoots of 3KO plants (publication II). 

Since the reproduction defect in 3KO was manifested as unfertilized ovules, and not 
embryo abortion, we decided to evaluate the fertilization process in this mutant. 
For self-fertilization to occur, anthers should reach to the stigma for proper pollination, 
meaning that successful reproduction in Arabidopsis depends on interactions between 
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pollen grains and stigmatic papillae (Edlund et al., 2004). First, anthers were examined 
to identify whether the decreased fertility of triple mutant was caused by defects in male 
reproductive organs. Surprisingly, neither pollen viability nor the pollen tube growth 
were affected in 3KO plants (publication II). Next, reciprocal crosses were performed to 
further test the role of male (anthers, pollens) and female (pistil) organs in fertilization 
in 3KO plants. Aniline blue staining of pollen tubes in cross-pollinated pistils confirmed 
that 3KO pollens were able to attach to WT stigmas and thus form pollen tubes in vivo. 
In contrast, 3KO pistils being pollinated with WT pollen developed very heterogeneously. 
We observed  that the WT pollen attachment to the surface of 3KO pistils was freguently 
disturbed since only few pollen tubes were initated. A similar phenotype was observable 
both in 3KO pistils cross-pollinated with WT as well as in self-pollinated 3KO pistils. 
Thus, reciprocal crosses revealed that the reduced fertility of 3KO mutant is female 
reproductive tract specific, implying defective stigma development  (publication II). 

The stigma is an epidermal structure composed of tubular-shaped elongated cells, 
papillae. In mature pistils, stigmatic papillae are properly extended being receptive to 
the recognition, attachment and germination of pollen grains (Alvarez-Buyilla et al., 
2010). For SEM analysis of stigmas, pistils were dissected from floral buds just before 
opening (stage 12) and from freshly opened flowers (stage 13 or 14) because WT pistils 
at these developmental stages are mature and receptive to pollination. Comparison of 
3KO and WT stigmas revealed that the elongation of papillae of 3KO pistils at 
developmental stage 12 was often reduced, being comparable with WT stigmas at 
developmental stage 10 or 11. At stage 13 and 14 of flower development, the growth of 
3KO stigmas varied from normal to stunted. We noticed that in some cases the 
development of entire gynoecia remained perturbed until late stages of 3KO flower 
development (publication II).  

It has been shown that immature stigmas are less receptive to pollen grains in 
Arabidopsis (Kandadsamy et al., 1994). Our results also indicated that insufficient 
development/maturation of stigmatic papillae prevents successful pollination and is 
therefore the main reason for the reduced fertility of 3KO  plants (publication II). 
We suggest that the class XI myosins in the stigmatic papillae may fulfill a similar role as 
in other tubular-shaped tip-growing cells. Few years later, we showed that the 
pre-anthesis elongation of anther filaments of 3KO plants is also delayed. This means 
that during anthesis, the 3KO anthers do not reach to the stigma in time, and thus 
pollens are poorly delivered from the anthers to the stigma (publication III). 
We conclude that myosins XI-1, XI-2 and XI-K together are needed for normal 
development of floral organs. 

7.3 Myosins XI-K, XI-2 and XI-1 contribute to auxin responses in 
Arabidopsis (publication III) 

Flower development of 3KO plants was used as a model system for examining 
myosin-dependent auxin-responsive processes in Arabidopsis. When investigating the 
overall morphology of 3KO plants, we observed that the inflorescence shoots frequently 
displayed partially reduced apical dominance and increased formation of axillary 
branches. Inflorescence development can be evaluated by four traits: bolting time, 
length of the reproductive phase, number of rosette leaves at bolting, number of axillary 
branches and fruits (Ungerer et al., 2002; Pouteau and Albertini, 2009). In myosin 3KO 
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plants, all these traits are affected: bolting time is delayed, reproductive phase is 
expanded, more rosette leaves are formed, the shoot branching architecture is changed, 
and silique size is decreased. The initiation and outgrowth of axillary meristem during 
inflorescence shoot development is mainly regulated by phytohormones auxin, 
cytokinin, and strigolactone (Domagalska and Leyser, 2011). In WT Arabidopsis plants, 
the auxin flow from shoot apex toward the base suppresses axillary meristem outgrowth, 
and leads to apical dominance, thus controlling the axillary branch formation (Davies 
et al., 1966; Wang et al., 2014). Well-regulated local auxin gradients in axillary shoot 
meristems are created by auxin importers together with PIN1 exporter (Bainbridge et al., 
2008). 

To determine if the developmental defects of 3KO plants are auxin-dependent, we 
used the auxin-responsive promoter-reporters DR5::GUS and IAA2::GUS, widely used 
markers for studying endogenous auxin responses (Ulmasov et al., 1997; Shibasaki et al., 
2009; Rusak et al., 2010). We found that the auxin responsiveness was significantly 
reduced in seedlings and inflorescence stems of 3KO plants stably expressing DR5::GUS. 
Histochemical analysis of IAA2::GUS in flowers revealed reduced GUS staining in 3KO 
gynoecia – in stigma, style and the transmitting tract. We also analyzed the effect of a 
PAT inhibitor, NPA, on IAA2::GUS expression and found that 3KO pistils exhibited partial 
insensitivity to NPA. NPA treatment is also known to affect the organization of AFs and 
extent of actin bundling (Zhu et al., 2016). We therefore propose that the partial 
NPA-resistance of 3KO pistils can be caused by AF defects which occur in 3KO cells 
already prior to NPA treatment. Thus, our results show that simultaneous inactivation of 
three highly expressed class XI myosins indeed reduces the auxin responses of different 
Arabidopsis tissues (publication III). 

As the aberrant shoot development in 3KO plants correlated with the reduced auxin 
responses, we investigated if this was due to misdistribution of auxin efflux carrier PIN1, 
since it plays an essential role in flower and inflorescence formation (Okada et al., 1991; 
Gälweiler et al., 1998; Benková et al., 2003; Adamowski and Friml, 2015). Towards this 
end, the effect of stable expression of PIN1::PIN1-GFP in 3KO and Columbia plants was 
examined. Surprisingly, we found that the previously described semi-sterile phenotype 
of 3KO plants (publication II) was exacerbated in the 3KO PIN1-GFP line (publication III). 
The development of flowers as well as architecture of inflorescences was significantly 
affected in 3KO PIN1-GFP line – some flowers showed completely arrested development 
and others exhibited a range of morphologies, from nearly normal to severely deformed. 
Undeveloped flowers did not contain inner whorl organs (pistils, petals or anthers), and 
consisted often of one to three sepals only. However, the most prevalent flower 
deformation in 3KO PIN1-GFP background was related to gynoecium development: 
significantly bent shape, delayed apical closure (stigma development) and abnormal 
valve and style growth. Similar gynoecium phenotypes have been described upon genetic 
or pharmacological disruption of auxin signaling (Sessions et al., 1997; Nemhauser et al., 
2000; Cheng et al., 2006; Zúñiga-Mayo et al., 2014). It is well established that the finely 
tuned auxin gradient is necessary for gynoecium patterning in general and style and 
stigma development in particular (Nemhauser et al., 2000). Thus, flower development 
defects of 3KO PIN1-GFP plants provide genetic evidence that even modest 
overexpression of PIN1 under native promoter may perturb auxin responses, and thus 
affect developmental decisions, when the actomyosin cytoskeleton is simultaneously 
affected. To further validate this notion, the PIN1-GFP expression was examined 
throughout flower development. The PIN1-GFP distribution in flower tissues of Columbia 
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plants was visible in septum or valve margins of pistils, as well as in floral primordia. 
The overall pattern of the PIN1-GFP expression during late stages (9-13) of flower 
development in 3KO plants was broadly the same with some exceptions – in heavily 
deformed pistils (valveless gynoecia with enlarged style), the PIN1-GFP signal was spread 
all over the gynoecium. Next, we examined PIN1-GFP polarization in epidermal cells of 
developing gynoecia since significant deformation of gynoecium was the most prominent 
phenotype of the 3KO PIN1::PIN1-GFP line. In epidermal cells of WT Columbia gynoecia 
(at stage 8), the PIN1-GFP exhibited prominently polar localization at apical membranes, 
whereas epidermal cells of 3KO gynoecia had a nonpolar distribution of PIN1-GFP both 
in apical and lateral membranes. Quantitative analysis showed that only 14% of 3KO cells 
exhibit highly polarized PIN1 distribution, whilst the frequency of polarized localization 
in Columbia was 39%. The gynoecium is the last organ to initiate from the floral 
meristem, and style and stigma are the last structures to emerge during gynoecium 
development (Larsson et al., 2014). The partial loss of PIN1 polarization in epidermal cells 
of 3KO PIN1-GFP developing gynoecia indicates that the apical domains of the mutant 
gynoecia may not be sufficiently supplied with auxin and therefore the normal 
development of valves, style and stigma is affected. However, the PIN1 polarization 
defects are most probably present already at very early stages of floral primordium 
development as indicated by vast (and more severe) defects in flowers and 
inflorescences of 3KO PIN1-GFP plants. Collectively, these results imply that class XI 
myosins contribute to the localization of PIN1 during floral development at least partially. 

One of the mechanisms by which auxin alters cellular responses is transcriptional 
regulation (Paponov et al., 2008). To ascertain whether elimination of multiple class XI 
myosins or stable expression of PIN1::PIN1-GFP affect the regulation of the 
auxin-responsive genes, we measured the relative expression levels of the selected 
mRNAs in different tissues of WT Columbia, 3KO, 3KO PIN1-GFP, and Col PIN1-GFP plants. 
We found that auxin-responsive genes AUX1, PIN1, PIN7, IAA2 were downregulated 
approximately twofold in 3KO parental line, in comparison with WT. 

Since the PIN1 is the principal member of the PIN-family, even modest 
overexpression of PIN1 under native promoter may affect developmental processes 
(D. van Damme, personal communication). The RT-qPCR analysis showed that both in 
Col PIN1-GFP and 3KO PIN1-GFP plants, the PIN1 expression was increased by 1.5- to 
2-fold, in comparison with WT. As expected, the stable expression of PIN1::PIN1-GFP 
affected also the expression of the auxin-responsive genes both in 3KO and Columbia 
background, in comparison with parental lines. However, the down-regulation of two 
auxin-responsive genes, IAA2 and PIN7, in 3KO PIN1-GFP was significantly higher than in 
Col PIN1-GFP plants. Our results indicate that both the down-regulation (in 3KO) as well 
as up-regulation (in 3KO PIN1-GFP) of PIN1 affects auxin responses, and thus plant 
development, in a negative manner. At the same time, the up-regulation of PIN1 in 3KO 
PIN1-GFP line is even more critical (in comparison to parental 3KO line), since the 
disrupted actomyosin cytoskeleton is unable to properly allocate an excess of PIN1, and 
increases developmental disorders during floral development (publication III). 

Despite of class XI myosins sharing functional redundancy, it is known that myosin 
XI-K plays a major role in membrane trafficking, cell expansion and division, plant growth, 
and fertility (I, II; Peremyslov et al., 2008, 2010, 2012; Avisar et al., 2012; Park and 
Nebenführ, 2013; Abu-Abied et al., 2018). To confirm the role of XI-K in flower 
development, we analyzed line stably expressing myosin XI-K:YFP in 3KO background 
(3KOR), and found that normal flower development, including the elongation of stigmas 
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and anther filaments, was restored. In addition, we demonstrated for the first time that 
the YFP-tagged myosin XI-K (XI-K:YFP) is highly expressed in floral primordia as well as in 
developing and mature flowers, indicating its role in floral development. Unlike PIN-GFP, 
the XI-K:YFP was expressed in stigmas and anther filaments at significant levels.  
The partial overlap in the expression patterns of XI-K:YFP and PIN1-GFP in flower 
primordia and pistils is consistent with their possible cooperation during flower 
development. Our results confirmed that myosin XI-K:YFP is functional and in addition to 
its roles in vegetative plant growth (Peremyslov et al., 2012) and gravitropic response 
(Talts et al., 2016), also contributes to floral development.  

Our results complement recently published data demonstrating that the abnormal 
production of lateral and adventitious roots in 3KO plants was accompanied by changes 
in auxin gradient due to partial loss of PIN1 polarization in stele cells (Abu-Abied et al., 
2018). These authors also revealed the myosin XI-K role in cell division in both the root 
and shoot meristem (Abu-Abied et al., 2018). Bearing that in mind, the loss of proper 
auxin distribution and myosin XI-K function in meristem could explain the enhanced 
branching of mutant roots and shoots in parental 3KO line. Although these two studies 
(publication III and Abu-Abied et al., 2018) used different models (flowers and leaves 
versus roots) and different experimental approaches, both highlight the functional 
connection between myosin and auxin.  

 

7.4 Myosins XI-K, XI-2 and XI-1 contribute to leaf senescence in 
Arabidopsis (publication III) 

 
Leaf development of 3KO plants was used as a model system for examining  
myosin-dependent senescence-associated processes in Arabidopsis. Despite the delayed 
bolt formation and extended lifespan, described earlier (Peremyslov et al., 2010; 
publication II), we found that the 3KO plants display premature leaf senescence. 
Significant yellowing of cotyledons was particularly striking in 12-day-old 3KO seedlings.  
Furthermore, 23-day-old rosettes of the 3KO plants produced 27% more leaves than 
those of Columbia (publication III). The correlation between leaf number and bolting time 
is well documented since late flowering plants have usually more rosette leaves (Pouteau 
and Albertini, 2009; Schmalenbach et al., 2014). Conversely, there is a little data on the 
role of actin cytoskeleton in senescence and cell death of plant cells (Smertenko et al., 
2003; Keech et al., 2010; Keech, 2011; Smertenko and Franklin-Tong, 2011).  

These observations prompted us to further explore myosin’s role in senescence-related 
processes. First, we used dark induced senescence assay of detached leaves to compare 
total chlorophyll content of rosette leaves (5th and 6th) of Columbia control and 3KO 
plants. Surprisingly, 3KO leaves exhibited significant loss of chlorophyll already before 
dark treatment. Second, using trypan blue staining, we found that dying cells prevailed 
in 3KO dark-treated leaves compared to WT Columbia leaves. Third, to monitor the cell 
integrity and architecture of actin arrays in abaxial epidermal cells of the fifth rosette 
leaf, we used stable expression of an AF tracer, GFP-ABD2- GFP. Since the cell growth 
and AF defects of 3KO plants are most pronounced in longest cells, such as root hairs and 
petiole cells (Peremyslov et al., 2010), epidermal cells of leaf petioles were selected for 
examination. Cell integrity and organization of the AFs was examined in leaves of  
21- and 28-day-old rosettes. GFP-ABD2-GFP decorated thick longitudinal cables in 
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epidermal cells of Columbia leaf petioles, whilst thin and prominently transverse 
filaments were visible in 3KO cells. Moreover, at 28 day of growth, all 3KO leaves 
examined, showed massive plasmolysis of petiole epidermal cells. Cell deformation 
defects were less pronounced in Columbia, since only 66% of petioles showed partial 
plasmolysis, and only 25% of petioles showed massive plasmolysis. This indicated that in 
3KO plants, the cell death of older leaves was significantly progressed in comparison to 
WT. Taken together, observation of decreased chlorophyll content, increased trypan 
blue staining, and premature plasmolysis in 3KO mutant indicate that the loss of integrity 
of actomyosin cytoskeleton induces premature senescence and thus cell death in 
Arabidopsis leaves.  

All these radical cellular changes occurring during senescence processes are 
mediated by changes in gene expression. A large number of genes encoding proteins that 
mediate degradation of cellular components are up-regulated during leaf senescence 
(Weaver et al., 1997; Buchanan-Wollaston et al., 2003; Lin and Wu, 2004; Zentgraf et al., 
2004b; Watanabe et al., 2013; Woo et al., 2013; Kim et al., 2016). Among these, 
expression of the SAG12 gene is specifically induced by developmental senescence, 
whereas expression of SAG13 is enhanced by various senescence-inducing stresses, such 
as detachment, hormonal treatment, darkness, drought, wounding and pathogen attack. 
Therefore, it is considered that SAG12 could be the best marker for age-related 
developmental senescence and SAG13 for stress-induced senescence or general  
cell-death marker (Schippers et al., 2007). We used RT-qPCR to analyze transcriptional 
activity of SAGs and found that SAG13, but not SAG12, was considerably up-regulated 
both in 7-day-old seedlings as well as in rosette leaves of 3KO plants when compared to 
WT.  

We showed that the abnormal accumulation of anthocyanins in 3KO plants is in 
accordance with the fact that increased flavonoid production (e.g., anthocyanins) is 
associated with stress and senescence responses (Solfanelli et al., 2006). Moreover, as 
the anthocyanin accumulation and SAG13 up-regulation were detectable already in very 
young 3KO seedlings, we assumed that the premature leaf senescence of 3KO mutants 
is not typical developmental senescence but can be caused by some cellular stress such 
as altered membrane trafficking, AF rearrangement, or misregulation of auxin responses. 
We tested this possible causal link between AF defects and stress-responses (SAG13  
up-regulation), and showed that the expression level of SAG13 in latrunculin B-treated 
WT seedlings increased almost twofold in comparison with untreated control. Thus, it is 
tempting to speculate that in 3KO cells, the loss of integrity of actomyosin cytoskeleton 
activates the stress-signaling pathway, and as a consequence of this premature 
senescence and cell death of rosette leaves is initiated. Moreover, the accumulation of 
anthocyanins and up-regulation of senescence-related auxin-regulated SAUR36 gene in 
3KO plants indicates a dialogue between auxin- and senescence-dependent processes.  

It has been proposed that leaf senescence could be one of the major factors that 
mediates the compromise between photosynthetic and reproductive activity in plants.  
A study using inbred Arabidopsis lines of two different ecotypes, Cape Verde and 
Landsberg erecta, showed that leaf senescence and post-bolting longevity are under 
strong genetic control, and are inversely related with flowering time - earlier-flowering 
lines exhibited longer post-bolting duration of the rosette, compared with later-
flowering ecotypes It has been suggested that there are two different energy production 
strategies for the reproduction in Arabidopsis: early-flowering populations/ecotypes 
utilize photosynthates, whereas late-flowering ones recycle nutrients from old rosette 



55 

leaves (Luquez et al., 2006). Studies using recombinant inbred lines revealed also that 
early- and later-emerging leaves of the single rosette may have different biological roles. 
For example, senescence of first six leaves contributes to the growth of newly emerging 
leaves rather than reproduction (Diaz et al., 2008). These examples, described above, 
shed light upon the contradictory phenotype of 3KO plants exhibiting delayed bolting 
and expanded longevity at the whole organism level, and increased leaf number and 
premature foliar senescence at the organ/tissue level. 

7.5 Modelling actomyosin cytoskeleton dependent processes in PAT 
and PCD signaling (publication III) 

Our results provide genetic evidence that the integrity of actomyosin cytoskeleton 
contributes to the signaling of auxin- and senescence-responses, as well as secondary 
metabolism and gene expression related with these processes. All these processes are 
mutually connected as illustrated in a tentative model (Figure 14, publication III). 

Figure 14. Hypothetical model illustrating mutual connections between actomyosin cytoskeleton, 
auxin transport and leaf senescence in 3KO plants. The actomyosin cytoskeleton mediated 
signaling of PAT involves both the distribution of auxin transporter PIN1 and regulation of the 
expression of auxin-responsive genes. The actomyosin cytoskeleton mediated signaling of leaf 
senescence involves the control of expression of early senescence-associated gene SAG13. 
Senescence and auxin signaling are mutually influenced by secondary metabolism and by 
expression of auxin-responsive SAUR36 gene. The auxin distribution and leaf senescence could 
affect inflorescence biomass production in opposite directions. The bidirectional arrows imply 
mutual influences between these processes, indicating that if one is unbalanced then the others will 
be affected to various degrees (modified from publication III; used with permission). 

According to this, remodeling of actomyosin cytoskeleton affects not only the 
distribution of auxin transporters, but also the expression of auxin-responsive and 
senescence-associated genes. We propose that the levels of auxin-responsive genes (e.g., 
AUX1, IAA2, PIN1, PIN7) are influenced indirectly, through feedback signaling mechanisms, 
mediated by changes in auxin distribution and level. The actomyosin-mediated signaling in 
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leaf senescence involves the control of expression of early senescence-associated gene 
SAG13. Senescence and auxin signaling could be mutually regulated by secondary 
metabolites (e.g., anthocyanins) and by expression of auxin-responsive SAUR genes 
(e.g., SAUR36). All these processes are mutually interconnected, and if one process is 
unbalanced then the others are also affected. It is tempting to speculate that changes in 
auxin and senescence signaling influence reproduction of 3KO plants in opposite 
directions (Figure 14, publication III). On the one hand, the decreased auxin responses 
impair flower development; on the other hand, the premature leaf senescence could 
constitute a rescue mechanism for supporting the production of inflorescence biomass 
in conditions where flower development has been compromised.  

All different phenotypes of 3KO plants described so far are assembled into a 
summarizing scheme (Figure 15). 

Figure 15.  Phenotypic scheme for the Arabidopsis myosin 3KO mutant. The myosin 3KO mutant 
has many phenotypes as indicated with blue boxes. We propose that four main intracellular 
phenotypes are responsible for the downstream changes at the cellular and tissue level. Causal 
relationships between these phenotypes can be found, though the high variety of phenotypes 
emphasizes that we should view the different phenotypes as being at least partially independent. 

Though all these different phenotypes of 3KO plants seem to be interrelated, it still 
remains elusive to know what is the cause and what is the effect in myosin 3KO plants, 
and the establishment of further causal relationships needs additional research. 
There are several questions that remain unanswered. Could it be that the changes in PAT 
are the basis for the secondary metabolism and/or cell death defects? Are the changes 
in the gene expression caused by AF defects or by auxin response defects or by 
something else? How is the reorganization of metabolism achieved in cells with 
drastically affected actomyosin cytoskeleton? What are the mechanisms by which the 
three class XI myosins, XI-K, XI-2, and XI-1 contribute to auxin, stress or 
senescence responses – through AF shaping, ER reorganization or via 
mitochondria-mediated Ca2+-signaling processes?  
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It has been interpreted that auxin transport and cell division may serve independent 
functions of class XI myosins. The auxin related defects seen in 3KO plants may result 
from reduced cytoplasmic streaming and its effect on PIN1 distribution. The cell division 
plane related phenotype of 3KO plants may point toward role of class XI myopsins in AF 
guidance (Abu-Abied et al., 2018). We propose that auxin transport, senescence-related 
processes, secondary metabolism, and signaling of the gene expression are mutually 
connected processes suggesting the existence of the myosin XI-dependent guidance of 
AFs (publication III). It is possible, that changes in actomyosin cytoskeleton of 3KO plants 
are converted into cellular responses via changes in gene expression, as indicated by 
conspicuously high up-regulation of stress-inducible marker gene SAG13. 

This thesis highlights the importance of actomyosin cytoskeleton in auxin-, stress- 
and senescence-responses. Important aspect of future studies include the identification 
of myosin cargoes that affect auxin signaling and senescence. These cargoes could be 
formed by MyoB myosin receptors that appear to drive cytoplasmic streaming 
(Peremyslov et al., 2013, 2015) or newly identified myosin adaptors of MadA and MadB 
families (Kurth et al., 2017) that presumably mediate more specialized  
myosin-dependent processes. 
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CONCLUSIONS 
This work, dedicated to the plant myosin family, does not reveal the exact roles of every 
single myosin in Arabidopsis, but rather offers pieces of information that should lead to 
understanding of the bigger picture of myosin functions in plants.  

The principal findings of the present work are: 

• Arabidopsis class XI myosin XI-K is required for normal elongation of specialized
epidermal cells – root hairs and trichomes.

• Three class XI myosins, XI-1, XI-2 and XI-K, contribute together to the growth of
different types of epidermal cells of vegetative (root hairs, trichomes, pavement 
cells) and generative (stigmatic papillae, anther filaments) tissues and organs,
and thereby regulate organ size and reproduction of Arabidopsis plants.

• Contribution of XI-1, XI-2 and XI-K to the tissue growth is proportional to the cell
size and shape – larger cells with more elongated shapes (root hairs, trichomes,
petiole cells, anther filament cells, stigmatic papillae) are affected the most by
the simultaneous loss of these three myosins.

• Significant expression of the XI-K:YFP in stigmatic papillae and anther filaments
of developing flowers reveals an important role for XI-K in flower development.

• Myosins XI-1, XI-2 and XI-K together with actin contribute to the
auxin-dependent developmental processes in Arabidopsis by mediating the
activity of auxin-dependent promoters, polarization of major auxin efflux carrier 
PIN1, expression of some auxin-responsive genes, and accumulation of
anthocyanins.

• Similar expression patterns of myosin XI-K:YFP and auxin efflux carrier
PIN1:PIN1-GFP in Arabidopsis flowers suggests a functional connection between
actomyosin cytoskeleton and auxin transport during floral development.

• Myosins XI-1, XI-2 and XI-K together with actin contribute to the stress-induced
senescence and cell death processes in Arabidopsis leaves by mediating the
up-regulation of stress-inducible SAG13 expression, massive loss of chlorophyll,
accumulation of anthocyanins, and increased cell death.

• Actomyosin cytoskeleton, auxin distribution and leaf senescence are mutually
interconnected as suggested by elevated levels of anthocyanins and
auxin-dependent senescence-associated SAUR36 gene expression in 3KO
plants.

• Since expression of XI-K in triple mutant plants rescues almost all phenotypic 
defects, the myosin XI-K is the key player in the processes described above, 
although myosins XI-2 and XI-1 also contribute significantly to the 
development of Arabidopsis.
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ABSTRACT 

The Roles of Class XI Myosins in Arabidopsis Development 

Actin filaments, together with the myosin motors moving on them form an important 
part of the cell’s skeleton. Myosins deliver vesicles, organelles, and other possible 
cargoes within the cell. Only two classes, VIII and XI, out of all 35 known eukaryotic 
myosin classes, represent higher plant myosins. 

The purpose of the current work was to describe the possible roles of class XI 
myosins in model organism Arabidopsis thaliana. Initially, only the number of myosin 
genes in newly sequenced Arabidopsis genome was known, but not their functions. 
Therefore, the purpose of the work was: (I) to reveal the functions of individual 
Arabidopsis myosins by characterizing the phenotypes of T-DNA insertional mutants; 
(II) to study the redundant roles of class XI myosins by establishing double and triple 
mutant lines, and to characterize major developmental disorders of these mutant 
lines; (III) to use the flower and leaf development of triple mutant plants as model 
systems for determining whether main developmental processes such as polar auxin 
transport and leaf senescence are mediated by actomyosin cytoskeleton. 

The results of the work show that myosin XI-K is key player regulating the size and 
shape of different epidermal cells, such as root hairs and trichomes (publication I). 
Moreover, simultaneous inactivation of three class XI myosins genes (XI-1, XI-2, XI-K) 
affects the size and shape of epidermal cells to such an extent that the growth of different 
organs as well as plant fertility are perturbed. Double mutant analysis revealed that while 
myosin XI-K plays a major role in these processes, myosin XI-2 has a smaller role, whereas 
the impact of myosin XI-1 is the smallest (publication II). At the cellular level, actin and 
myosins work interdependently, and this cooperation is illustrated by the fact that in 
myosin triple mutant cells, the actin filament organization is disturbed. Next, we studied 
whether actin-dependent processes, such as auxin transport and senescence, are 
affected in myosin triple mutant. Our results showed that the activity of auxin-dependent 
promoters, the expression of selected auxin-responsive genes, and the distribution of 
auxin efflux carrier PIN1 in developing gynoecium are indeed affected in triple mutant 
plants. In addition, the massive up-regulation of the stress-inducible senescence 
associated gene, SAG13, implies that premature senescence and cell death of rosette 
leaves in triple mutant plants is caused by defects in actomyosin cytoskeleton. Moreover, 
these two processes – auxin distribution and leaf senescence, are mutually 
interconnected, suggested by elevated levels of anthocyanins and auxin-dependent 
senescence-associated SAUR36 gene expression. Interestingly, on the one hand, the 
overall lifespan of triple mutant plants is extended, since bolting is delayed, and 
generative growth period is longer. On the other hand, despite the extended overall 
lifespan, the rosette leaves of triple mutant plants exhibit premature senescence. 
This indicates that the whole organism lifespan versus organ lifespan are not 
proportionally related in plants (publication III). 

In summary, this work shows that three class XI myosins, XI-1, XI-2 and XI-K, are 
necessary for the normal development and functioning of different tissues and organs in 
plants. In addition, we demonstrate that actomyosin cytoskeleton is necessary for 
mediating both the dialogue between different developmental processes (like 
senescence and reproduction) as well as between different tissues (vegetative and 
generative) in plants, and for ensuring the functional integrity of the whole organism.  
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KOKKUVÕTE 

Klass XI müosiinide roll müürlooga arengus 

Aktiinifilamendid koos müosiinidega moodustavad osa raku tsütoskeletist, mis on 
pidevas liikumises ja reaktsioonivalmiduses, võimaldades rakkudel kasvada ja kuju 
muuta. Müosiinid, aktiinifilamentidel liikuvad mootorvalgud, vastutavad vesiikulite ja 
organellide transpordi eest rakus ning seeläbi vahendavad ka arenguliste või 
väliskeskkonnast tulevatele signaalide vastuseid. Eukarüootsetes organismides 
on praeguseks identifitseeritud 35 klassi müosiine, millest vaid kaks klassi, VIII ja 
XI, esindavad taimede müosiine.  

Käesoleva töö eesmärgiks oli kirjeldada klass XI müosiinide funktsioone 
mudelorganismis harilik müürlook (Arabidopsis thaliana). Algselt oli teada vaid võimalik 
müosiinigeenide arv müürlooga 2000. aastal sekveneeritud genoomis, kuid midagi 
polnud teada nende funktsioonide kohta. Sellest tulenevalt olid käesoleva töö 
eesmärkideks: (I) kasutades T-DNA insertsioonilisi mutante kirjeldada müürlooga 
üksikute müosiinide bioloogilisi funktsioone; (II) kasutades kaksik- ja kolmikmutantide 
analüüsi, iseloomustada klass XI müosiinide kattuvaid rolle taime arengus; (III) uurides 
klass XI müosiinide kolmikmutandi õie ja lehe arengut, teha kindlaks müosiinide võimalik 
roll fütohormooni auksiin polaarses transpordis ja lehe vananemises. 

Töö tulemused näitavad, et müosiin XI-K on oluline teatud epidermiserakkude, nagu 
juurekarvad ja trihhoomid, suurust ja kuju mõjutav valk (artikkel I). Kolme klass XI 
müosiinigeeni (XI-1, XI-2, XI-K) samaaegne inaktiveerimine kolmikmutandis mõjutab 
epidermiserakkude suurust ja kujul sel määral, et on häiritud erinevate organite kasv ja 
suurus ning ka taime viljakus. Kuigi kolmikmutandi analüüs näitas, et kõik kolm müosiini 
omavad kattuvaid rolle müürloogas, siis kaksikmutantide analüüs täpsustas, et kõige 
rohkem mõjutab neid protsesse müosiin XI-K, seejärel XI-2 ning kõige vähemal määral 
müosiin XI-1 (artikkel II). Aktiinifilamentide ja müosiinide vastastikust sõltuvust ilmestab 
fakt, et müosiini kolmikmutandis on märkimisväärselt häiritud ka aktiinifilamentide 
paigutus ning dünaamika. Sellest lähtuvalt tõstatasime küsimuse – mil määral on 
müosiini kolmikmutandis häiritud sellised aktiinist sõltuvad protsessid nagu auksiini 
polaarne transport ja vananemine. Meie tulemused näitavad, et kolmikmutandis on 
häiritud nii auksiini-tundlike promootorite aktiivsus, teatud auksiin-sõltuvate geenide 
ekspressioonitase kui ka auksiini eksporteri, PIN1, polarisatsioon emaka epidermise 
rakkudes. Lisaks tundub rosetilehtede enneaegne vananemine ja suremine 
kolmikmutandis olevat tingitud aktiini-müosiini rakuskeleti defektide poolt põhjustatud 
rakustressist, millele viitab stressi poolt indutseeritava vananemise markergeeni, SAG13, 
väga kõrge ekspressioonitase mutantides. Enamgi veel, auksiini gradiendid ja lehe 
vananemine on kolmikmutandis omavahel seotud nagu näitavad muutused 
antotsüaniinide hulgas ning auksiin-sõltuva vananemise markergeeni, SAUR36, 
ekspressioonitasemes. Ühelt poolt on kolmikmutandi taimede üldine eluiga pikem kui 
metsiktüübil, sest õitsemine hilineb ja paljunemise faas on edasi lükatud. Teisalt, 
vaatamata üldisele eluea pikenemisele, vananevad kolmikmutandi rosetilehed 
enneaegselt. See näitab, et taimede üldine eluiga ja üksiku organi eluiga ei ole võrdelises 
seoses (artikkel III).  

Kokkuvõttes kirjeldavad antud töö tulemused seda, millistes arenguetappides ning 
organites ja kudedes on müosiinid XI-1, XI-1 ja XI-K müürloogas vajalikud. Lisaks näitab 
antud töö ka seda, et aktiini-müosiini rakuskelett vahendab dialoogi eri bioloogiliste 
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protsesside (nagu vananemine ja paljunemine) ning erinevate kudede ja organite 
(vegetatiivsete ja generatiivsete) vahel taimedes, mis on omakorda vajalik taime 
organismi funktsionaalse terviklikkuse tagamiseks.  
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APPENDIX 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication I 
Ojangu E.-L., Järve K., Paves H., Truve E. (2007). Arabidopsis thaliana myosin XIK is 
involved in root hair as well as trichome morphogenesis on stems and leaves. 
Protoplasma 230:193–202. 
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Publication II 
Ojangu E.-L., Tanner K., Pata P., Järve K., Holweg CL., Truve E., Paves H. (2012). Myosins 
XI-K, XI-1, and XI-2 are required for development of pavement cells, trichomes, and 
stigmatic papillae in Arabidopsis. BMC Plant Biol. 12:81.  
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Publication III 
Ojangu E.-L., Ilau B., Tanner K., Talts K., Ihoma E., Dolja VV., Paves H., Truve E. (2018). 
Class XI myosins contribute to auxin response and senescence-induced cell death in 
Arabidopsis. Front. Plant Sci. 9:1570.  
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