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Abstrakt    

Kořenové vlásky a jejich apikální růst slouží jako excelentní model pro studium 

polárního prodlužování buněk. Díky nim je rostlina stabilněji ukotvena v půdě, zvětšují 

povrch kořenového systému, což vede k efektivnějšímu příjmu vody a živin,  

a v neposlední řadě se podílejí na interakci s mikroby. Iniciace a následný polární růst 

kořenových vlásků je velice složitý proces, který zahrnuje mnoho navzájem propojených 

mechanismů. Mezi nezbytné děje nutné k založení a udržení polárního růstu kořenových 

vlásků patří polarizace cytoskeletu, vezikulární transport a lokalizované ukládání buněčné 

stěny v místě trichoblastu, ze kterého budoucí kořenových vlásek vyrůstá. Současný stav 

poznání, zabývající se právě procesy vývoje kořenových vlásků a jejich polárního růstu, 
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je shrnutý v teoretické části této disertační práce. Hlavním cílem praktické části byla 

důkladná charakteristika dvou rozdílných mutantů (der1-3 a rhd2-1) rostlin Arabidopsis 

thaliana, kteří mají poruchu růstu kořenových vlásků. 

Mutant der1-3 („defective root hairs 1“) má bodovou mutaci v ACTIN2 genu. 

ACTIN2 je nejvíce se vyskytují isovarianta aktinu ze skupiny isovariant vegetativního 

aktinu. ACTIN2 je zároveň nezbytnou součástí mechanismu růstu kořenových vlásků. 

Identifikace der1-3 mutanta byla proto založená na vyhledávání fenotypu krátkých 

kořenových vlásků. Pomocí důkladného fenotypování rostlin, studia pletiv kořenového 

systému a analýz na subcelulární úrovni jsme zjistili, že mutace v ACT2 genu má 

výraznější efekt na celkový vývoj a růst rostlin, což v předchozích studiích tohoto 

mutanta popsáno nebylo. Dále pak, díky lepším růstovým parametrům, zvýšené 

dynamiky aktinového cytoskeletu a účinnější biochemické ochrany der1-3 mutanta po 

působení oxidativního stresu bylo zjištěno, že je více odolný na tento typ stresu oproti 

kontrolním rostlinám. Získané výsledky podpořili fakt, že aktinový cytoskelet nehraje roli 

jen při růstu a vývoji rostlin a kořenových vlásků, ale že ovlivňuje i reakci rostlin na 

oxidativní stres. To vše dohromady by mohlo mít slibný potenciál v budoucím 

zemědělském a biotechnologickém využití. 

V apikální části plazmatické membrány (PM) rostoucích kořenových vlásků  

A. thaliana se nachází NADPH oxidasa typu C, pojmenována jako „respiratory burst 

oxidase homolog protein C/ROOT HAIR-DEFECTIVE 2” (AtRBOHC/RHD2). Tato 

oxidasa tvoří reaktivní formy kyslíku (ROS), které mimo jiné udržují polární růst 

kořenových vlásků. Bodová mutace v RHD2 genu způsobuje fenotyp krátkých 

kořenových vlásků, čímž je rhd2-1 („root hair defective 2“) mutant charakteristický. 

V této části jsme detailně popsali časoprostorovou distribuci a dynamické vlastnosti 

transportu AtRBOHC/RHD2 proteinu do plazmatické membrány rostoucích kořenových 

vlásků. S využitím různých pokročilých mikroskopických metod a pomocí následných 

kvantitativních mikroskopických analýz, trasovaní jednotlivých kompartmentů a pomocí 

subcelulárních kolokalizací jsme popsali komplexní mechanismus transportu a recyklace 

AtRBOHC/RHD2 v rámci apikální PM během tvorby a následného apikálního růstu 

kořenového vlásku u Arabidopsis. 

Nová data, prezentovaná v této disertační práci, byla získána s využitím 

pokročilých mikroskopických metod pro rychlé snímání dynamických procesů 

(konfokální mikroskopie s rotujícím diskem), dlouhodobé vývojové snímání za 

podmínek, blížících se těm environmentálním („light-sheet“ fluorescenční mikroskopie) 
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a pro snímání s vysokým rozlišením (konfokální laserová skenovací mikroskopie 

s Airyscan detektorem). Kombinace nižší míry fototoxicity, většího rozlišení a vyšší 

rychlosti snímání v průběhu delšího časového úseku umožnila studium živých rostlin v 

téměř přirozených podmínkách, přinášející fyziologicky relevantní výsledky. 
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Abstract    

Root hair (RH) tip growth represents an excellent model of polar apical cell 

expansion in plants. RHs play important functions in anchoring plants in soil, increasing 

root absorption surface for water a nutrient uptake, and interactions with microbes. The 

process of RH initiation and RH tip growth maintenance is a complex process. It requires 

polarization of the cytoskeleton, membrane trafficking, and localized cell wall deposition 

at the RH initiation side of the trichoblasts. The current knowledge linked to the process 

of RH formation and tip growth is summarized in the theoretical part of the thesis. The 
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main topic of the thesis was thorough characterization of two different Arabidopsis 

thaliana mutants (der1-3 and rhd2-1), that are defective in RH tip growth.  

The mutant der1-3 (deformed root hairs 1) possess a single-point mutation in the 

ACTIN2 gene. Product of this gene, ACTIN2, is the most abundant vegetative actin 

isovariant, and is required for RH tip growth. Based on this fact, der1-3 mutant was 

identified according to its RH phenotype. Our thorough plant phenotyping, tissue 

patterning, and subcellular localization analyses revealed that this mutation in the ACT2 

gene has deeper effects on plant growth and development, which has not known before. 

Moreover, we found that der1-3 mutant is more resistant to mild and severe oxidative 

stress. This was demonstrated by better growth parameters, enhanced preservation of 

actin dynamics, and more effective biochemical protection of the mutant in stress 

conditions.  These data supported better understanding of the actin cytoskeleton roles not 

only in plant growth and development, but also in plant reactions to oxidative stress, 

which is promising for potential future agricultural and biotechnological applications. 

NADPH oxidase type C in A.thaliana, annotated as respiratory burst oxidase 

homolog protein C/ROOT HAIR-DEFECTIVE 2 (AtRBOHC/RHD2), is localized at the 

apical plasma membrane (PM) of growing RHs where generates reactive oxygen species 

(ROS), indispensable for the maintenance of the RH tip growth. Single point mutation in 

RBOHC/RHD2 gene generates mutant rhd2 (root hair defective 2) with RH phenotype. 

We characterised in detail the spatiotemporal pattern and mechanism of the 

AtRBOHC/RHD2 subcellular delivery to the PM during RH formation. Quantitative 

microscopy, single particle tracking, and subcellular colocalization analyses using 

different advanced microscopic methods demonstrated the complex nature of 

AtRBOHC/RHD2 delivery, maintenance, and recycling at the apical PM during RH 

formation in Arabidopsis.  

Novel data presented in the thesis were received by utilization of advanced 

microscopy methods for fast image acquisition (spinning disk confocal microscopy), near 

environmental developmental imaging (light-sheet fluorescence microscopy), and super-

resolution (Airyscan confocal laser scanning microscopy). Combining lower value of 

phototoxicity, enhanced resolution, and faster imaging speed with longer observation 

allowed study of living plants in almost natural conditions, bringing physiologically 

relevant results. 
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1. Aims of the thesis 

• Summary of the recent knowledge on polar growth of plant cells (especially on 

root hair growth) and its regulation at molecular and cellular levels, in particular 

the proportion of vesicular transport, cytoskeleton and signalling of reactive 

oxygen species (ROS). 

• Optimization of cultivation conditions; test of different types, quality, 

composition and mechanic properties of cultivation media and conditions for 

long-term experiments of continuous primary root growth and root hairs 

development under the physiological conditions. 

• Preparation of transgenic plants with control or mutant genotype (carrying 

genetically encoded markers for actin cytoskeleton, vesicular transport, and 

NADPH oxidase) by crossing or transformation and their subsequent selection 

and genotyping. 

• Microscopic study of structural and dynamic parameters of the cytoskeleton and 

endosomal compartments during root hair development in living transgenic 

plants.  

• Qualitative and quantitative evaluations of mutant root hair growth with 

fluorescence markers expression and observation of interactions between plasma 

membrane, endosomal compartments, and cytoskeleton during individual stages 

of root hair tip growth. 
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2. Current state-of-the-art 

2.1 Arabidopsis thaliana as a model organism 

Arabidopsis thaliana (L.) Heynh, is a small annual dicotyledonous plant 

belonging to the Brassicaceae family. Arabidopsis was established as a model organism 

in 1985 (Meyerowitz a Pruitt, 1985) due to its short life cycle, enough seeds in the next 

generation, simple anatomical and morphological organization of organs and tissues, and 

small genome size (Meyerowitz, 2001). The Arabidopsis genome is organized into five 

chromosomes, contains approximately 25 500 genes and it was completely sequenced in 

2000 (The Arabidopsis Genome Initiative, 2000). Plants of A. thaliana are widely used 

as model also in all fields of plant biology, mainly because their individual organs 

generally have a small number of cell layers, and therefore one can observe them 

microscopically as a whole without the need to prepare anatomical sections (Boerjan et 

al., 1992; Koornneef and Meinke 2010). 

2.2 Anatomical structure of Arabidopsis primary root 

The root is vegetative, leafless, underground plant organ, which firmly anchors 

the plant in the soil. Its main functions are especially water and nutrient uptake, 

gravitropic growth, and mediating the plant's relationship with soil microorganisms. The 

root system of dicots consists of one primary root with lateral roots of different orders 

(Foreman and Dolan, 2001). The longitudinal zonation of primary root tip consists of  

4 consecutive zones (Figure 1A). First is a meristematic zone, which together with 

population of cells dividing mitotically contains also stem cells and root initials in stem 

cell niche. Then follows a transition zone in which cells terminating cell division are 

prepared for rapid cell elongation in the subsequent elongation zone. In the proximal part 

of the elongation zone, root hairs (RHs) also start to be formed. The last is differentiation 

zone, where elongated cells acquire their final function and RHs continue to develop and 

grow (Dolan et al., 1993).  

 The radial zonation of Arabidopsis thaliana primary root is a well-defined, formed 

from cell layers arranged in concentric cylinders (Figure 1B). Simplicity of this 

arrangement serves as a model for the study of plant organogenesis. Peripherally is 

located the epidermis, which consists of trichoblast and atrichoblast epidermal cells. 

Trichoblasts are cells, from which RHs grow and atrichoblasts are cells without RHs. This 

is partially controlled by a topological signalling, as trichoblasts are normally 
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Figure 1: Root anatomical structure. (A) Individual zones of the Arabidopsis primary root. (B) 

Transverse section of a root at an early stage of root hairs. (C) Organization of cells in the root 

tip. Adapted from Takatsuka and Umeda (2015). 

in contact with two cortical cells and atrichoblasts with only one (Figure 1B). On the 

radial section it is obvious that, trichoblasts are located above the anticlinal walls of 

cortical cells and atrichoblasts are located along the outer periclinal walls of cortical cells 

(Dolan et al., 1994). The next layer is the cortex, then the endodermis and the root central 

cylinder, forming stele. The stele comprises of the vascular tissues (xylem, phloem and 

vascular parenchyme) surrounded by associated supporting tissue (pericycle). Xylem 

transports water upwards and transport of photosynthesis products from sources to sinks 

and various signal molecules is secured by phloem (Benfey and Scheres, 2000; Takatsuka 

and Umeda, 2015). All mentioned plants tissues have a basis in initials cells of root tip 

meristematic zone (Figure 1C). The root meristematic zone begins with four sets of initial 

cells that surround a quiescent centre. The quiescent centre is made up of mitotically 

inactive cells (Scheres et al., 2002). The most apical part of the root is called the root cap, 

which consists of lateral root cap cells and columella cells (Figure 1C). The root cap 
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secretes slime, which protects root apex, especially root apical meristems during the 

growth in substrate. Columella cells (called statocysts) contain statoliths (plastids with 

giant and numerous starch grains), which sediment in the cell and thus help the plant 

recognition of the orientation in the direction of gravity. Therefore, the root grows 

downwards and it is positively gravitropic (Chen et al., 1999; Evert et al., 2006).  

2.3 Root hairs and polar growth 

2.3.1 Trichoblast/atrichoblast determination  

The epidermal cells are arranged in files of 

non-hair cells (atrichoblasts) and hair cells 

(trichoblasts) according to their position relative to 

the underlying cortex cells of Arabidopsis root 

(Dolan et al., 1994; Datta et al., 2011). This 

position-dependent mechanism of epidermal cells 

differentiation is very important even before the 

formation of RHs, at the stage of cell specification. 

Epidermal cell fate take place very early during 

root development. Immature hair cells are 

distinct from non-hair cells. Differences are 

mainly in their size, cytoplasmic density, rate of 

the cell division, vacuolation and chromatin organization. For instance, trichoblasts have 

smaller size and more dense cytoplasm (Xu et al. 2005; Costa and Shaw 2006; Datta et 

al., 2011). The pattern of the root epidermis in formation of RHs is a species-specific in 

plants.  Arabidopsis thaliana has a striped pattern of hair and non-hair cell files (Figure 

2), meaning that tricho/atrichoblasts are developed in separate longitudinal files. 

Morphologically it means that trichoblast files alternate with one or two atrichoblast files 

(Dolan et al., 1994; Pemberton et al., 2001). The striated pattern is established by 

intracellular and intercellular genetic regulatory network that involves feedback loops and 

protein movement between neighbouring cells (Datta et al., 2011). 

 

2.3.2 Polar growth of root hairs 

RHs start growth as lateral tubular extension at the basal side of the root epidermal 

cells called trichoblasts in the proximal end of the root elongation zone. They are involved 

in anchoring the plant, considerably increase root surface area and help with water and 

Figure 2: Trichoblast (T)/atrichoblast 

(A) pattern in Arabidopsis root 

epidermis. Adapted from Datta et al., 

2011. 
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mineral ions uptake from the soil, which in turn supports sustained plant growth. RH are 

also important for plant interaction with soil-borne microbes, which takes in the rhisphere. 

Arabidopsis RHs are excellent model for study of plant cell and developmental biology 

and physiology. Their position at the root surface, simple structure, and fast growth enable 

easy visualization and manipulation during experiments. On the other hand, RHs are not 

essential for plant survival, allowing the isolation and analysis different types of mutant 

plants, that have RH-specific alternations in structure, function, and development (Carol 

and Dolan, 2002; Grierson and Schiefelbein, 2002). One of the most impressive 

characteristics of RHs is their polar extension at the apex, the tip growth, which includes 

polarization in cellular organization leading to a special tip-localized cell expansion. 

 Progression of RH development and growth is divided into the three discrete 

growth phases (Figure 3). First starts with the site selection at the outer tangential cell 

wall in the basal end of the trichoblast, which is followed by the migration of the nucleus 

from the middle part of the trichoblast to the base close to the developing hair. Local 

acidification of the cell wall causes its thinning and remodelling in the selected side and 

Figure 3: Graphic representation of individual phases of root hair tip growth. Adapted from 

Grierson and Schiefelbein, 2002. 

then a bulge develops (Carol and Dolan, 2002). The second phase is typical for very slow 

RH tip growth from bulge. When the RH has 20 to 40 μm, the transition to the third phase 

begins and RHs tip growth is then very fast. Tip growth of RHs is very fast, reaching  

1-2 μm.min-1 (Dolan et al., 1994). RH tip elongation is supported by proper organization 

of polarized cytoplasm, rapid exocytosis, endocytosis, and vesicle recycling, cell wall 

biosynthesis, and an incorporation of membrane material at the tip. The nucleus also 

migrates into the RH and keeps more-or-less standard distance from the growing tip. In 



17 

 

the differentiation zone of the root, RHs grow to reach their final size (length), end to be 

fully developed (mature), and their tips become vacuolated (Dolan et al., 1994; Foreman 

and Dolan, 2001). The wild type RH in A. thaliana reach a length of around 0.8 mm with 

an 11 µm in diameter, depending on the plant ecotype and local growing conditions 

(Galway et al., 1997). 

2.3.3 Sub-cellular organization and polarity of root hairs 

RHs contain the similar organelles like other plant cells, but with some specifics 

related to the fact, that the root system is located in the soil without access to light, while 

the stem and leaves develop in the above-ground space with full illumination. So, the 

main difference is the absence of chloroplasts, or chlorophyll in plastids. However, the 

root system contains different types of plastids. There are, for example, amyloplasts, 

which are filled with starch granules synthetized from imported photosynthates. It is also 

a place of very active oxidative pentose phosphate pathway, which generates energy to 

assimilate nitrogen (Scheres et al., 1994; Neuhaus and Emes, 2000). Another difference 

is in import/export mechanisms of nutrients, ions, and water. Cells in root and shoot differ 

in types of channels and transporters in the plasma membrane (PM). Nevertheless, root 

and shoot are interconnected and active signalling between them coordinate these 

activities (Jiang et al., 2012). 

Cell polarity is generally defined as an asymmetry in a cell, or a state in which the 

organization of compartments within a cell is asymmetric about a particular axis. In 

plants, cell polarity is essential for development, growth and morphogenesis (Yang, 

2008). Polar cell growth can be described as a morphological process in which the cell 

elongates in a certain direction. A typical model for observing polar growth in higher 

plants are the RHs and the pollen tubes. Growing RH has a characteristic polarized 

organization predominantly of the cytoskeleton, membrane trafficking, and cell wall 

deposition (Figure 4). The RH tip is covered by the cell wall and the PM. The cell wall is 

made up mainly of primary layers of cellulose. Cellulose is synthesized by cellulose-

synthetizing enzymatic complexes at the PM, but other components important for cell 

wall structure and composition (such as pectins and xyloglycans), which are formed in 

the endomembrane system - endoplasmic reticulum (ER) and Golgi apparatus (GA), are 

transported to the tip by a vesicular transport (Foreman and Dolan, 2001). Vesicles are 
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Figure 4: Schematic cytoarchitecture of growing root hair tip. Tip-focused vesicles are formed 

from exocytotic and endocytotic vesicles (in apex and sub-apical zone), which are transported by 

actin cables (green). Microtubules cables (red) control the growth direction of root hair. Also, 

NADPH oxidase (RHD2), ROP proteins and Ca2+- permeable ion channels are localized at the 

root hair tip. All of this together creates a tip-focused calcium and ROS gradient (yellow gradient). 

The remaining organelles are located in shank region of root hair. Adapted from Balcerowicz et 

al., 2015. 

transported along actin filaments in a so called “reverse fountain” type of streaming 

(Ovečka et al., 2005; Balcerowicz et al., 2015). Actin filaments (AFs) are localized 

between secretory vesicles in the apical part of RH, where they form bundles. Bundles of 

AFs are oriented parallel to the longitudinal axis of the RH. Microtubules (MT) have also 

the same orientation as the AF, but MT are located at the cell cortex directly under the 

PM and they are important for controlling of RH growth direction (Galway et al., 1997; 

Era et al., 2009; Balcerowicz et al., 2015). Most other RH organelles do not reach the 

apex, but they are in the shank region of RH. In addition to mitochondria, they are 

plastids, GA (Golgi stacks and trans-Golgi network - TGN), smooth and rough ER, and 

endosomes. ER is in a condensed form in the growing RH. Condensation already occurs 

in the trichoblast, at the place where the RH is initiated. ER is condensed until the RH 

reaches its maximum length and stops growing. Subsequently, the ER reverts to its 

original form and is present along the entire length of the RH (Ridge et al., 1999). GA is 

often clustered along the ER (Zheng and Chen, 2011). The nucleus also moves from its 

central position in the trichoblast to the site of initiation and then to the growing RH. The 

nucleus has a stabile distance from the tip of growing RH, but when the polar growth 
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stops, the nucleus can be located in any position at the RH (Galway et al., 1997; Ketelaar 

et al., 2002). When the RH completes its growth, the entire RH cell is mostly filled with 

a vacuole (Carol and Dolan, 2002).  

The major signal mechanism indispensable for the polar RH growth is a tip-

focused gradient of Ca2+ in the cytosol (yellow gradient in Figure 4), which regulates the 

activity of vesicular trafficking, generation of reactive oxygen species (ROS), and 

organization of the cytoskeleton in growing tip. Ca2+- permeable ion channels (green 

rectangle in Figure 4) are localized at the apical PM (Miedema et al., 2008). ROS (yellow 

gradient in Figure 4) are required for RH growth and they are generated by NADPH 

oxidase encoded by AtrbohC/RHD2 gene. RHD2 is localized in apical part PM of RH 

(yellow rhombus in Figure 4). This ROS production is regulated by ROP GTPases (blue 

triangle in Figure 4; Foreman et al., 2003). RHD2, ROS, and Ca2+ are interconnected by 

a positive feedback mechanism, which determines RH polarity and its tip growth (Carol 

et al., 2005, Takeda et al., 2008). 

2.4 Essential factors influencing the polar tip growth of root hairs 

2.4.1 Organization and dynamics of the endomembrane system 

 Membrane intracellular transport is the one of the most basic processes of the 

cellular dynamics and physiology, which is highly conserved within eukaryotic cells 

(individual species of yeasts, plants or animals). Endomembrane transport is ensured by 

vesicles than move between membrane-bound organelles (i.e. the endoplasmic reticulum 

- ER, Golgi apparatus - GA, the trans-Golgi network - TGN, multivesicular 

endosomes/bodies - MVB, lysosomes/vacuoles/pre-vacuolar compartments - PVC and 

the plasma membrane - PM) in eukaryotic cells (Baluška et al., 2002; Ito and Uemura, 

2022). Although plant cells have a rigid cell wall and high turgor pressure, their 

endocytotic activity is very dynamic (Hawes et al., 1995; Baluška et al., 2002; Šamaj et 

al., 2004). In general, membrane trafficking between two compartments consists of four 

sequential steps. The first is called „buding” step, which includes the transfer of the cargo 

into a specific domain on the donor membrane and then starts its packing into the transport 

intermediate (vesicle). The next step („transport” step) means intermediate transport of 

vesicle between donor compartment to the target compartment by means of motor 

proteins and cytoskeleton (mainly F-actin) interactions. Next, the intermediate vesicles 

dock to target membrane, which is mediated by specific proteins (such as Rab GTPases 

and SNARE proteins) in the third „tethering” step. As the last comes the fusion („fusion” 
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step) of the transport intermediate vesicle with the targeted membrane and release of the 

cargo (Ito and Uemura, 2022). Generation, targeted transport, and fusion of vesicles are 

essential processes also for development and polar tip growth of RHs. The apical zone of 

growing RH is enriched of with secretory (exocytotic), endocytic, and recycling vesicles, 

balancing fine equilibrium of macromolecule supply, retrieval, and recycling mainly 

materials for growing PM and cell wall (Šamaj et al., 2006; Campanoni and Blatt, 2007).  

The exocytosis (secretion) by the vesicles fusing with the PM deliver the cargo outside 

of the cell (red arrows in Figure 5). The endocytosis support movement of cargo 

molecules from PM into the cell (blue arrows in Figure 5). It is thus involved in the 

internalization of molecules from the PM and from the external environment. Moreover, 

it supports also the recycling of the PM and the cell wall material, and the uptake of 

signalling molecules for further degradation (Šamaj et al., 2005). These two pathways are 

very closely linked during polar tip growth of RHs. 

 Universally in plant cells, the exocytosis vesicles have 100-150 nm in diameter 

and are generated in the GA. The production rate is 2-4 vesicles per minute per one Golgi 

cisterna. However, in some hypersecretory cells (such as pollen tubes) it can be many 

thousands of vesicles per minute (Picton and Steer, 1983; Campanoni and Blatt, 2007). 

The process of exocytosis is controlled by many important proteins including Rop-

GTPases that regulate actin cytoskeleton. For example, Rop2 is localized in the apical 

part of the growing RH and serves as their positive regulator. ARFs (ADP-ribosyl factors) 

mediate the formation of vesicles on the donor membrane and group of Rab GTPases 

responsible for the vesicle fusion with the target membrane (Campanoni and Blatt, 2007; 

Kang et al., 2017). Recent study shows, that RabA2 and RabA3, but not other RabA 

members, regulate exocytosis (Pang et al. 2022). On the other hand, RabA1 and RabA4 

members, which are expressed in Arabidopsis thaliana, are also accumulated in tips of 

growing RHs. But they take part in different molecular machinery that coordinate 

secretion of vesicles from the TGN (in comparison of RabA2 and RabA3). They also 

regulate distinct trafficking steps at the TGN compared to other Rabs (Preuss et al. 2004; 

Asaoka et al. 2013). Regulation of exocytosis includes SNARE proteins, which were 

previously mentioned as mediators of the final stage of vesicle fusion with the PM or with 

target membranes within the endomembrane system (Campanoni and Blatt, 2007; Ito and 

Uemura, 2022). 



21 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5: The endomembrane system/trafficking in plants. Schematic representation of the 

secretory and endocytotic pathway. ER: endoplasmic reticulum, TGN: trans-Golgi network, EE: 

early endosome, MVB: multivesicular body, PVC: prevacuolar compartment and PM: plasma 

membrane. The exocytosis is marked with red arrows. The way of an endocytic vesicle is 

indicated by blue arrows. Adapted from Bandmann, 2011. 

In terms of complexity, the most robust is the endocytotic pathway. In general, 

endocytosis is involved in molecule internalization from the PM (including the outer 

space of the cell), in recycling of the PM and PM-resident proteins as part of the uptake 

and degradation of signalling molecules. The process of endocytosis is important not only 

for polar growth, but it plays further roles in auxin-related intracellular communication, 

gravitropic responses, stomata movement, cytokinesis, cell wall morphogenesis, and also 

in the elimination of pathogens and initiation of symbiosis with microorganisms (Šamaj 

et al., 2005). There are four different types of endocytosis identified in plants: clathrin-

dependent (the most common), clathrin-independent (addicted to lipid rafts), fluid-phase 

endocytosis, and phagocytosis. The plant endocytotic vesicles usually have around 70-90 

nm. Endosomal compartments represent endomembrane trafficking hubs categorized into 
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four main types (depicted in Figure 5). First class is represented by early 

endosomes/TGNs that are involved in rapid recycling processes of membrane molecules 

in the cytoplasm. Furthermore, early endosomal/TGN compartments merge secretory and 

endocytic pathways (Barth and Holstein, 2004; Viotti et al., 2010; Contento and Bassham, 

2012; Qi and Zheng, 2013). The next class are freely moving recycling vesicles, 

originating from the TGN, mediating the secretion and recycling of the PM materials 

(Šamaj et al., 2005). Next are late endosomes or multivesicular bodies/prevacular 

compartments (MVB/PVC) that are involved in transport pathways toward vacuoles. 

These compartments may serve as crossroad between endocytotic (recycling) and 

synthetic pathways. The newly synthesized material will either go into the vacuole or to 

the PM leaving the cell outside. The structure and molecular characteristics of MVB/PVC 

are well defined. A well-characterized binding domain of late endosomes is the FYVE 

domain, which is involved in signal transduction from phosphoinositol-3-phosphate-

binding proteins to early endosomes. (Uemura et al., 2004; Bottanelli et al., 2011; 

Contento and Bassham, 2012). The fourth type are the lytic vacuoles, compartments that 

are specialized for lytic degradation (Šamaj et al., 2005). The main regulators of 

endocytotic pathway are Rab GTPases, which belong to Ras GTPase superfamily. They 

exist in two stages: GTP-bound „active” and GDP-bound „inactive” form. Activation of 

Rab GTPase is caused by exchange of GDP for GTP, which is catalysed by GEFs 

(GUANINE NUCLEOTIDE EXCHANGE FACTORs; Zerial et al. 2001; Grosshans et 

al. 2006). In Arabidopsis genome has been identified 57 RAB genes. Their products are 

divided into 8 groups (Rab1/RabD, Rab5/RabF, Rab6/RabH, Rab7/RabG, Rab8/RabE, 

Rab11/RabA, Rab2/RabB and Rab18/RabC). Each of them has different subcellular 

localization and marks different membranes of the endomembrane system (Pereira-Leal 

et al., 2001; Rutherford et al., 2002; Ueda et al. 2002; Woollard et al., 2008). The second 

most important regulators are SNARE (SOLUBLE N-ETHYLMALEIMIDE-

SENSITIVE FACTOR ATTACHMENT PROTEIN RECEPTORS) proteins. Their play 

a key role in regulation of fusion between the transport intermediate vesicles and its target 

membrane („tethering” step). Intermediate vesicles contain R-SNARE (or vesicles  

v-SNAREs) proteins and Q-SNARE (target t-SNAREs) proteins are in the membrane of 

target compartment (Fasshauer et al. 1998; Ito and Uemura, 2022). Other most important 

regulators are other small GTPases, called Rho GTPases, which control structure, 

rearrangements and dynamic properties of F-actin cytoskeleton (Yang, 2002). 
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 As already mentioned above, the apex of RHs is enriched with secretion vesicles. 

A balance must be maintained between the rate of exocytosis and endocytosis to ensure 

an adequate flow of PM and cell wall material for polar RH growth (Campanoni and Blatt, 

2007). An invaluable tool for vital studying secretion pathways and endosomal 

compartments in plants are styryl dyes (FM dyes) that bind to the lipid structure of 

membranes. For example, FM4-64 and FM1-43 showed rapid binding to PM associated 

with their intense fluorescence, followed by internalization of FM-labelled membranes in 

the form of dense population of vesicles in growing RHs. Further fate of FM-positive 

vesicles was related to their passing through the entire endocytotic pathway via late 

endosomes until they fused with the vacuole (Ovečka et al., 2005). The development of 

translationally fused fluorescent protein markers enabled detailed analysis and 

characterization of distinct endosomal compartments in living cells. The most commonly 

used fluorescent molecular markers are Rab GTPase Homolog A1d (RabA1d) and 

Vesicle transport v-SNARE 12 (VTI12) for detection of the early endosomal/TGN 

compartments (Sanderfoot et al., 2001; Uemura et al., 2004; Ovečka et al., 2010; Berson 

et al., 2014). Late endosomes were detected by using a fluorescent molecular marker 

based on the FYVE domain (Gillooly et al., 2001; Voigt et al., 2005a). Other members 

of the Rab GTPase family, including RabF2a, RabF1 (Ueda et al., 2004; Voigt et al., 

2005a; Haas et al., 2007), and RabF2b (Geldner et al., 2009), have been verified as 

molecular markers for late endosomal compartments, eventually colocalizing with FYVE 

domain. The dynamic properties of early and late endosomes using fluorescent molecular 

markers have been thoroughly described in the growing RHs of Arabidopsis (von 

Wangenheim et al., 2016b). 

2.4.2 Structural sterols and lipid rafts 

 Structural sterols are an indispensable part of biological membranes. Thea are 

incorporated in membranes in their free form. Sterols in plants are molecules derived 

from isoprenoids, and the most common plant sterols are β-sitosterol, stigmasterol a 

campesterol. Structural sterols interact with membrane phospholipids and sphingolipids 

(Figure 6), which is indispensable for modulation of membrane fluidity and permeability 

(Clouse, 2002; Ovečka et al., 2010; Valitova et al., 2016). The other function is also their 

regulation role. Biosynthetic pathway of structural sterols is related to production of 

brassinosteroids. They have common precursors, but final steps of both biosynthetic 

pathways are independent (Lindsey et al., 2003). The PM as a lipid - protein bilayer, is 
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structurally and functionally partitioned into membrane micro- and nanodomains, called 

„lipid rafts” (Figure 6). Clustering of phospholipids, proteins, and sterols in the 

extracellular leaflet of PM confers spatial organization of protein complexes, supporting 

their assembly into signalling complexes. Thus, structural sterols are involved in the 

maintenance not only physical, but also physiological properties of membranes and 

membrane proteins (Clouse, 2002; Stanislas et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Structure of plasma membrane nanodomains („lipid rafts”). The schematic 

structure of „lipid raft” (grey box), which consists of phospholipids, sphingolipids, sterols and 

membrane-associated polypeptides, including glycosylphosphatidylinositol (GPI)-anchored 

polypeptides, peripheral, and integral PM proteins. Adapted from Bhat and Panstruga, 2005. 

In A. thaliana, the importance of structural sterols in plant development and 

growth was proven through the mutations of genes encoding proteins involved in their 

biosynthesis pathway. These mutations result in altered plant development, defined as 

dwarf plant phenotype with defects in tissue patterning. Consequently, the mutant plants 

have changes in structural sterol composition (Clouse, 2002). The best described are 

mutants in genes encoding main proteins involved in the biosynthesis of structural sterols. 

Mutants Fk and hydra2, possessing the mutation in FACKEL gene encoding for sterol-
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14-reductase, have very short hypocotyls and cotyledons connected directly to short roots. 

This phenotype is caused by defective cell division during embryogenesis (Schrick et al., 

2000). Mutant hydra2 has misbalance in the structural sterol ratio composition and the 

severity of this mutation is shown by the fact that homozygous mutations are lethal 

(Souter et al., 2002). In other mutants, such as dwf7 (dwarf7) / ste1 (sterol1; mutation 

affecting sterol-C5(6)-desaturase; Choe et al., 1999), dwf5 (mutation affecting sterol 

reductase; Choe et al., 2000), or dim (diminuto) / dwf1 (mutation affecting sterol 

isomerase/reductase; Klahre et al., 1998) the same dwarf phenotype has been achieved 

(Choe et al., 2000). The pleiotropic effects of these mutations have been also revealed. 

For example, dwf7 mutant has slower cell division rates (Cheon et al., 2010), dwf5 mutant 

produce seeds with aberrant shape (Choe et al., 2000; Jiang and Lin, 2013). Thus, mutants 

defective in sterol methyltransferase activity (smt1 and smt2;1 mutants) exhibit altered 

ratios of sitosterol, campesterol and cholesterol. These misbalances are accompanied by 

loss of fertility, altered gravitropism and disrupted root cell polarity. Serious defects in 

cell polarity were noticed also during the early RH development (Schaeffer et al., 2001; 

Willemsen et al., 2003).   

Structural sterols are locally accumulated in the PM of future site of the RH 

formation in the trichoblast. The PM-specific sterol accumulation is an early indicator of 

the initiation site of RH. This accumulation was documented also in the „bulge” and in 

apical part of growing RHs. The relation of this specific structural sterols accumulation 

to the tip growth was approved by the observation that this gradient disappears, when the 

RHs terminate the tip growth. (Ovečka et al., 2010). The other earliest markers of RH 

initiation on trichoblasts are small GTPases ROP2 and ROP4 (Molendijk et al., 2001; 

Jones et al., 2002). It has been shown that the activation-dependent acylation of ROPs 

and their consequent partitioning in „lipid rafts” could play a central role during the 

establishment of polarity in plants (Sorek et al., 2007). Structural sterols regulate 

vesicular trafficking, signalling, protein localization in membranes and selecting exo- and 

endocytic cargo molecules (Menon, 2002; Lindsey et al., 2003), particularly in tip-

growing RHs (Ovečka et al., 2010) and pollen tubes (Liu et al., 2009). Vesicular transport 

provides a large amount of material needed for PM and cell wall enlargement in tip-

growing cells (Hepler et al., 2001). one of the main representative of membrane 

phospholipids is PhosphatidylInositol-4,5-bisphosphate (PtdIns(4,5)P2), which is 

required for cell polarity, endocytosis and vesicle recycling in plants. The 

Phosphatidylinositol Phosphate 5-Kinase 3 (PIP5K3), required for PtdIns(4,5)P2 
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biosynthesis in Arabidopsis, is  also localized in emerging bulges and in tips of growing 

RHs (Braun et al., 1999; Kusano et al., 2008; Stenzel et al., 2008).  

2.4.3 Reactive oxygen species  

 Reactive oxygen species (ROS) are modified forms of atmospheric oxygen that 

are characterized by a partially reduced or excited form. They are produced by metabolic 

processes or are generated as a result of environmental stress (Mittler et al., 2017). The 

most commonly occurring forms of ROS in living organisms are singlet oxygen (1O2), 

superoxide (O2
-), hydroxyl radical (OH), and hydrogen peroxide (H2O2). In plants, ROS 

are mainly produced within the electron transport chains in chloroplasts and 

mitochondria, and during photorespiration in peroxisomes (del Río et al., 2006; Gleason 

et al., 2011; Pospíšil, 2016; Foyer, 2018), In addition, they can be produced also in the 

cytosol, apoplast, nucleus and endomembrane system (Gechev et al., 2006; Ashtamker et 

al., 2007). The most stable ROS molecule is H2O2, which can be kept in its original form 

up to 1 ms (Dat et al., 2000). ROS have dual role in plants biology. They are present 

mainly as toxic by-products originating from aerobic metabolism or they can be 

accumulated after exposure to environmental stresses. These ROS has strong ability to 

react with proteins, lipids or nucleic acids and cause serious damage to these 

biomacromolecules (Singh et al., 2016). However, ROS also serve as signalling 

molecules. Since ROS are very small molecules, they can pass through the membranes 

(Overmyer et al., 2003; Mittler, 2017). As signalling molecules, they regulate numerous 

plant developmental processes, including cell proliferation and differentiation, 

programmed cell death, seed germination, gravitropism, RH pollen tube growth (Singh et 

al., 2016). ROS are necessary in response to biotic and abiotic stimuli (Dvořák et al., 

2021). The misbalance between different ROS forms is potentially dangerous for cells, 

and therefore it is important to maintain cellular ROS homeostasis. Both low and high 

ROS levels are undesirable for plant cells. The ROS homeostasis is controlled by the 

activity of antioxidant enzymes from the family of superoxide dismutases (SODs), 

catalases, peroxidases, gluthatione peroxidases, iron uptake/storage regulating proteins, 

and a network of thio- and glutaredoxins (Vanderauwera et al., 2011; Mittler, 2017; 

Dvořák et al., 2021).  

 ROS are important signal molecules in the ontogenetic development of the entire 

root. Different types of ROS are produced and accumulated in different root zones. This 

precise distribution of ROS in root plays role in the regulation of root stem cell 
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proliferation and differentiation (Tsukagoshi, 2016; Zeng et al., 2017; Yang et al., 2018). 

In A. thaliana, the cells of the quiescent centre and the nearest surrounding stem cells of 

the root meristem have the strongest negative potential, which is caused by the high 

concentration of superoxide (O2
-). On the contrary, the cells of the transition and 

elongation zones of the root are in a significantly oxidized state due of the high 

concentration of hydrogen peroxide (H2O2). The distribution of the redox gradient within 

the root apex is under control of UPBEAT1 (UPB1), a transcription factor regulating the 

expression of a wide range of genes encoding for peroxidases. (Tsukagoshi et al., 2010; 

Perilli et al., 2012; Del Pozo, 2016; Jiang et al., 2016; Zhou et al., 2020). 

 Likewise, ROS play a key role in the regulation of cell growth in general, 

including tip growth of RHs. ROS can be generated inside the cell (intracellularly) or in 

apoplast (extracellularly). Intracellular ROS in growing RHs originates mainly from 

mitochondria, peroxisomes and from cytosolic reaction mediated by ER (Figure 7). The 

main producer of apoplastic ROS are NADPH oxidases (NOX), which are located at the 

PM. The other producers of apoplastic ROS are cell wall peroxidases and amino-oxidases 

(Qi et al., 2017). Generated superoxide in apoplast is degraded to H2O2 and O2 by the 

catalytic activity of enzymes such as superoxide dismutase (SOD; Bowler et al., 1992), 

apoplastic oxalate oxidase, diamine oxidase, and peroxidase (Federico and Angelini, 

1986; Caliskan and Cuming, 1998). Subsequently, H2O2 generated in the apoplast is 

degraded using peroxidases that are secreted into the apoplast (Trevisan et al., 2019), but 

it can also be transported back to the cytoplasm through the PM via aquaporins (Mangano 

et al., 2016). Plants NADPH oxidases are encoded by RESPIRATORY BURST OXIDASE 

HOMOLOG (RBOH; Sagi and Fluhr, 2006) genes. In A. thaliana, there is 10 type of 

AtRBOHs (AtRBOHA-J) produced, and the functions of most of them are well described. 

Preferentially in the root RBOHB, RBOHC, RBOHG members are present, nevertheless 

RBOHD, RBOHE a RBOHF also play a role in growth of the main root and lateral roots. 

RBOHH and RBOHJ are important for growth of pollen tubes (Mhamdi and Van 

Breusegem, 2018). In particular, RBOHA is produced in the embryo, where takes part in 

abscisic acid (ABA) signalling, and subsequently positively regulate seed maturation 

(Müller et al., 2009). ROS in apical part of growing RHs are generated by RBOHC 

(Foreman et al., 2003). RBOHD is producer of ROS in answer to stress factors (Liu and 

He, 2016). Together with RBOHF it is also involved in defense reactions of the plant to 

pathogens (Torres et al., 2002). RBOHE is involved in pollen development (Xie et al., 

2014) and RBOHI provides a response to drought stress (He et al., 2017). The least 
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studied oxidases are RBOHA and RBOHG. It has been shown, that NADPH oxidases 

activity is connected to structural sterols in the membranes. Proteomic studies identified 

NADPH oxidases NtRBOHD, StRBOHB, and AtRBOHB with other PM proteins 

enriched in the detergent-resistant membrane fraction of suspension cells (Morel et al., 

2006; Srivastava et al., 2013). In parallel, subcellular visualization revealed AtRBOHD 

localization to the PM and dynamic spots in the cells and its endocytosis via membrane 

microdomains can be induced by salt stress (Hao et al., 2014). 

Figure 7: ROS production in the growing root hairs. ROS are generated intracellularly 

mainly by mitochondria, peroxisomes and by ER directly in the cytosol. The extracellular 

production is mostly secured by NADPH oxidase called RHD2 (RBOHC). ROS generated by 

RHD2, gradients of Ca2+ and pH are key components to keep sustainable RH growth. Partially 

adapted from Mangano et al., 2016 and created by https://biorender.com/ application. 

Only NADPH oxidase type C (AtRBOHC) is present in growing RHs. RBOHC, 

which is encoded by the RHD2 (ROOT HAIR DEFECTIVE2) gene locus, is localized at 

the apical PM in RH. ROS, generated by RHD2 oxidase, Ca2+ ions and a certain pH value 

are the key components in maintaining polar tip growth of RHs. Regulation of polar RH 

growth is provided by their oscillatory feedback loops (Mangano et al., 2016). A typical 

gradient of Ca2+ ions is present in the cytoplasm at the apical part of RHs, which is 

https://biorender.com/
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responsible for the regulation of vesicular transport activity (positively stimulate 

exocytosis; Carroll et al., 1998), the production of ROS, for the organization of the 

cytoskeleton (especially AFs) and the determination of the RH growth direction 

(Bibikova et al., 1997). Ca2+ ions are transported inwardly to the cytoplasm through the 

PM by calcium channels (CaC). These channels are activated by ROS from both side of 

the PM. Apoplastic ROS (mainly O2
-) activates CaC from the outside and H2O2 from the 

inside; H2O2 is transported into the cytoplasm via aquaporins (PIPs). Transmembrane 

gradient of pH at the RH tip is maintained by H+-ATPases (AHA). The most abundant 

electrogenic pumps exporting protons (H+) from the cell in the growing RH is AHA2 

(Mangano et al., 2016). Therefore, the apoplast has acidic pH and a negative membrane 

potential is created on the cytoplasmic leaflet of the PM (Falhof et al., 2016). The whole 

mechanism works in the mode of a positive feedback loops (Figure 7). 

 Loss-of-function mutations in the AtRBOHC/RHD2 locus in 

rhd2 mutants resulted in short RHs (Figure 8). Therefore, absent 

RHD2 means that gradients of ROS and Ca2+ ions in the apical zone 

of RHs is not generated (Schiefelbein and Somerville, 1990; Foreman 

et al., 2003). The application of external ROS or pH alkalization has 

ability partially rescue the polar tip growth of RHs in rhd2 mutant, due 

to renewed activity of Ca2+ channels in the PM (Monshausen et al., 

2007). The same short RH phenotype was achieved by the NADPH 

oxidases inhibitor application (diphenyleneiodonium; DPI) in wild-

type plants, which disrupted ROS production at the apex of growing 

RHs (Foreman et al., 2003). These studies confirm, that the interplay between 

RBOHC/RHD2 activity, accumulation of ROS and Ca2+ ions are essential for the polar 

RH tip growth (Foremant et al., 2003; Carol et al., 2005). RBOHC activation involves 

ROP ("Rho of plants") GTPases, namely ROP2, ROP4 and ROP6, and they are 

transported already to the future RH initiation site in trichoblasts with the involvement of 

RopGEF3 factors (Carol et al., 2005; Denninger et al., 2019).  Transcriptomic analysis 

positively detected RHD2 transcripts in cells of the root epidermis of diverse root zones 

from the proximal meristem to the elongation zone (Foreman et al., 2003). The 

transformation of rhd2 mutant with GFP:RHD2 construct driven under the native 

promotor fully rescued its short RH phenotype. Tissue- and cell type-specific localization 

studies of GFP-RHD2 lines showed, that signal is particularly prominent in trichoblasts 

and accumulate at the bulges and apices of growing RHs (Takeda et al., 2008). 
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2.4.4.1 Oxidative stress 

ROS are formed as the first signalling molecules 

during most of abiotic and biotic stresses. They are kind of a 

connecting bridge between the initial stress stimulus and the 

subsequent responses of the cell at the molecular level 

(Mittler et al., 2017). The increased level of ROS is mainly 

connected with oxidative stress, which is associated with 

heavy metal intoxication (Liu et al., 2010), ozone poisoning 

(Miles et al., 2005; 2009), and osmotic stress (Kim et al., 

2011) among others. The next step in response to stress to 

pass the signal is mitogen-activated protein 

kinase (MAPK) signalling cascade (Figure 9). 

Signal transduction is a stepwise post-

translational phosphorylation cascade, where 

activated MAP kinase kinase kinases 

(MAPKKK, MAP3K or MEKK) phosphorylate 

the serine or threonine residues in the appropriate 

MAP kinase kinases (MAPKK, MAP2K or 

MKK), then MAPKKs phosphorylate the threonine and tyrosine residues of their MAP 

kinases (MAPK, MPK) partner (Sihna et al., 2011; Capone et al., 2004). Phosphorylated 

MAPKs regulate the activities of diverse targets including transcription factors (Ishihama 

and Yoshioka, 2012), cytoskeletal proteins (Šamajová et al., 2013), and other protein 

kinases (Popescu et al., 2009). The MAPK module is a multienzyme complex, which 

plays a role both in stress reactions and adaptation processes, but also in the regulation of 

cell division, differentiation, programmed cell death, but also in symbiosis and 

pathogenesis (Smékalová et al., 2013). The most prominent stress-induced MAPKs in 

Arabidopsis are MPK3, MPK4 and MPK6 (Colcombet and Hirt, 2008). All these three 

MAP kinases are also activated during oxidative stress (Lumbreras et al., 2010; Pitzschke 

et al., 2009), where MPK4 is activated via a well-defined MEKK1-MKK1/2 pathway 

(Pitzschke et al., 2009). Detailed studies of MPK3/6 activation showed, that they affect 

the OXI1 (OXIDATIVE SIGNAL-INDUCIBLE) gene expression. Thus, at a high 

concentration of ROS, transcription of the OXI1 gene is induced (Rentel et al., 2004). The 

OXI1 protein has many functions including the maintenance of normal RH growth under 

stressful conditions. Impaired H2O2-induced activation of both MPK3 and MPK6 has 

Figure 9: Schematic representation of 

the connections between second 

messengers (ROS, PA-phosphatidic 

acid), MAPK modules and target 

(transcription factors are blue; CSD1/2 

- Cu/Zn superoxide dismutase) that 

regulate oxidative stress responses in 

Arabidopsis thaliana. Adapted from 

Smékalová et al., 2013. 
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been reported in the oxi1 mutant (Miles et al., 2009, Xing et al., 2013). Such a wide 

variety of defense mechanisms is essential for the plant survival, as they are immobile 

organisms and often face various changes in environmental conditions. 

 2.4.4 Microtubules and actin cytoskeleton 

The plant cytoskeleton consists of MTs, AFs, and associated proteins that are 

involved in intracellular processes and facilitates their reorganization. MTs and AFs 

together form a flexible network, which mainly participate on cell growth, morphogenesis 

and polarity (Foreman and Dolan, 2001; Sampathkumar, 2011). Furthermore, it is also 

important for cell division, vesicular trafficking, migration of organelles and signalling 

(Fu et al., 2005; Goode et al., 2000). Both cytoskeletal networks consist of non-

covalently-produced filamentous polymers, with broad range of size and dynamic 

properties (Komis et al., 2015a). 

2.4.4.1 Microtubules  

 MTs are hollow tubules from tubulin heterodimers of one α- and one β-tubulin 

polypeptides. Both tubulin subunits have a molecular weight of 55 kDa. The one MT 

tubules has around 24 nm in diameter and is composed mostly of 13 protofilaments. 

(Goddard et al., 1994; Lloyd and Chan, 2004). A protofilament is formed from 

heterodimers, where α- and β-tubulin alternate. Two α-tubulins or two β-tubulins are 

never adjacent to each other (Figure 10). MTs has two ends at which polymerization or 

depolymerization of individual tubulin heterodimers occurs (Figure 10). Minus (-) end is 

more stable and it can be connected with MT organization center (MTOC), specific places 

where MTs begin to grow (Goddard et al., 1994). Depolymerization of MTs takes place 

mostly on the (-) end. Plus (+) end is more active and unstable with high range of dynamic 

instability (Ehrhardt and Shaw, 2006), characterized by MT growth on this side 

(polymerization), but also by subunits loss (depolymerization). Depolymerization is less 

abundant compared to polymerization (growth). MT growth is driven by GTP hydrolysis 

to GDP. GTP-tubulin connects with (+) end of MT and then it grows. Hydrolyzed GDP-

tubulins are released from (-) end (depolymerization). Growing MT is composed mainly 

from GDP-tubulins (Desai and Mitchison, 1997; Caplow and Fee, 2003). Interestingly, 
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Figure 10: Schematic diagram of microtubule structure and dynamics. MTs are formed from 

α-tubulin (TUA) and β-tubulin (TUB) heterodimers.  Plus (+) end is very dynamic, where 

polymerization is dominant. Minus (-) end is mostly stable and MTs are shortened (shrinkage) 

from this end. Adapted from Li and Day, 2018.   

TUA is constitutively bound to GTP and TUB alternates between GTP and GDP forms 

(Li and Day, 2018). Shortening of MT on (+) end or growing of MT on (-) end can happen, 

but this process is slower (Desai and Mitchison, 1997). Polymerization and 

depolymerization of MTs are highly dynamic processes addicted to cell needs. The speed 

of polymerization and depolymerization is very variable. It may take minutes or less 

(Goddard et al., 1994). It was shown, that MTs growth rate is around 4 µm.min-1 and the 

shrinkage rate is around 7 µm.min-1 (Van Damme et al., 2004). The genome of A. thaliana 

encodes 6 isoforms of α-tubulin, designated AtTUA1-AtTUA6 (Kopczak et al., 1992), 

9 isoforms of β-tubulin, designed as AtTUB1-AtTUB9 (Snustad et al., 1992), and  

2 isoforms γ- tubulins, which are functionally redundant (Liu et al., 1994). Genes for most 

of these isoforms are expressed during whole plant development, only genes for TUB1 

and TUB9 are predominantly expressed only in reproductive organs (Carpenter et al., 

1992; Cheng et al., 2001). 

 MTs play an indispensable role in plant cell division, through specific 

arrangements of mitotic MTs organized in district arrays. In the first stages, such as 

preprophase and early prophase, preprophase band (PPB) is formed, which predicts the 

future cell division site. Later in late prophase, mitotic spindle is formed, which is a major 

MT mitotic structure. MTs of the mitotic spindle are connected to kinetochores of sister 

chromatins of chromosomes and segregate them to the opposite poles of the cell during 

the successive stages of metaphase, anaphase and telophase. The final stage is cytokinesis, 

where MTs form phragmoplast, delivering vesicles to the nascent cell plate and expanding 
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centrifugally to meet the cortical domain predetermined by the PPB (Fowler and 

Quatrano, 1997; Rasmussen et al., 2013; de Keijzer et al., 2014). Spatial determination 

of the cell division site, cell division plate (CDP) and its orientation significantly 

determine plant morphogenesis, anatomy and development (Müller, 2012; 

Smolarkiewicz and Dhonukshe, 2013; Zhang et al., 2016). Not surprisingly, AFs also 

play an important role in cell division, although AFs are arranged at different spatial and 

temporal distribution in comparison to MTs. AFs are necessary for early stage of PPB 

formation, but then they are less abundant during PPB completion (Takeuchi et al., 2016). 

After PPB disassembly, the place behind is left as an actin depleted zone. This place is 

located at the cell cortex, persists and marks the division site throughout mitosis and 

cytokinesis. AFs form trans-vacuolar cytoplasmic strands around the mitotic spindle and 

later on also around the newly reconstructed nuclei after mitosis (Lloyd and Traas, 1998; 

Smith, 2001). AFs contribute with MTs to phragmoplast assembly, functionally cooperate 

in the deposition of the cell plate, and establish CDP orientation by narrowing the 

phragmoplast leading edges to cortical site predicted by PPB (Sampathkumar et al., 2011; 

Kojo et al., 2013). Importance of MTs and AFs for proper CDP orientation has been 

proved in many studies after either pharmacological treatments or using appropriate 

mutants (reviewed by Rasmussen et al., 2013). 

 RHs have two independent networks of MTs (CMTs - cortical microtubules; 

EMTs - endoplasmic microtubules). CMTs are present along the entire length of the RHs 

and EMTs are inside the RHs and interconnect nuclei with RH tips. CMTs are present in 

all RH growth stages, only during transition from a bulge stage into fast RH growing 

stage cortical MTs are less detectable (Foreman and Dolan, 2001; Sieberer et al., 2002, 

2005). Endoplasmic MTs start to appear in late bulge stage, where cytoplasm is 

accumulating at the tip of the bulge and forms a cytoplasmic dense region. EMTs are 

present until stop of RH growth (Van Bruaene et al., 2004). Depolymerization of MTs by 

oryzalin or MTs stabilization by taxol showed that RHs continue their growth without  

a significant drop in growth rate, but with a wavy pattern. This proves that MTs control 

RHs growth direction, but they are dispensable for tip growth of RHs (Bibikova et al., 

1997, 1999; Ketelaar et al., 2002). 

2.4.4.2 Actin filaments  

AFs are the second prominent components of cytoskeleton in eukaryotic cells. AF 

has the shape of a double helix (13 nm in diameter), which is formed by globular actin 
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subunits (G-actins). One half turn of the double helix has 13-14 subunits of G-actins 

(Staiger, 2000). The one F-actin subunit has about 42 kDa (Sheterline et al., 1998). The 

actin cytoskeleton is very dynamic, and the AFs also have (+) and (-) ends, similar to MTs 

(Figure 11). Typical feature of AFs is their ability to perform dynamic structural 

reorganizations (Wasteneys and Galway, 2003; Staiger and Blanchoin, 2006). The 

polymerization (growth) of AFs occurs as a result of ATP hydrolysis. The (+) pole 

represent fast growing end of AFs. However, growth also occurs at the (-) end, but more 

slowly. It is important, that a balance is always maintained between growth and shrinkage 

of AFs (Staiger, 2000).  

Figure 11: Schematic diagram of actin filament dynamics. Polymerization is mainly at the (+) 

end and depolymerization dominates at the (-) end. Dynamic changes occur by ATP hydrolysis 

of G-actin subunits. Adapted from Li and Day, 2018. 

AFs are important in many cellular processes (such as cytoplasmic streaming, 

organelle movement, vesicular trafficking) and developmental processes (such as 

establishment and maintenance of cell polarity and shape, cell division plane 

determination, tip growth; Volkmann and Baluška, 1999; Wasteneys and Galway, 2003; 

Šamaj et al., 2004; Staiger and Blanchoin, 2006). AFs also have important functions in 

signalling events triggered by diverse external stimuli and their remodelling is part of 

abiotic and biotic stress response mechanisms in plants (Zhou et al., 2010). Actin dynamic 

is regulated by actin biding proteins (ABP), which have a different distribution in the cells 

(Ramachandran et al., 2000). These proteins are divided into the four individual groups 

according to their function. The first are proteins, which bind and/or cover monomeric 

actin subunits (G-actin binding proteins); the second ones regulate F-actin 

polymerization/depolymerization. The next are proteins ensuring F-actin cross-linking 

and the last group consists of myosin motor proteins. The most studied ABPs are profilins, 

which belong to the first group. The profilins mask G-actin subunits and subsequently the 
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depolymerization of F-actin occurs (Staiger, 2000; McCurdy et al., 2001; Xue and 

Robinson, 2013; Komis et al., 2015a).  

The A. thaliana genome encodes eight actin genes divided into two classes. The 

vegetative group, which is typically expressed in all vegetative tissues, possess 3 actin 

genes (ACT2, ACT7 and ACT8). The second group of genes (reproductive class) are 

expressed mainly in pollen tubes and ovules and contains ACT1, ACT3, ACT4, ACT11 

and ACT12 (Meagher et al., 1999; Kandasamy et al., 2007). Members of the vegetative 

and reproductive actin have different expression pattern and function, although they only 

have 4-7 % differences at the amino acid sequence level (Kandasamy et al., 2007). The 

ACT8 and ACT2 genes have similar expression pattern, while the last vegetative actin 

gene (ACT7) is expressed mainly in young expanding vegetative tissues (Meagher et al., 

1999). The overexpression (or overproduction) of actins shows various defect in actin 

structure. For example, the ACT1 gene overexpression caused the formation of sheet- or 

star-like aberrant actin structures in vegetative cells, leading to different thickness and 

orientation of AFs in comparison to control cells (Kandasamy et al., 2002). However, 

ACT2 gene overproduction has only little effect on plant morphology and the structure of 

AFs in vegetative tissues (Kandasamy et al., 2002). The ACT2 isoform is more attracted 

in plant biology studies than other isoforms, because the ACT2 gene expression is the 

highest among the actin genes in Arabidopsis. This is proven by a study where some 

vegetative plant organs contain up to 50 % of ACT2 mRNA out of the total actin mRNA 

amount (McDowell et al., 1996). 

That essential role of ACT2 for proper RH tip growth has been 

proven by genetic approaches using either chemically-induced single-

point mutations (Ringli et al., 2002) or insertional knockout mutations 

(Gilliland et al., 2002). Varying degrees of the short RH phenotype 

were shown by three der1 (deformed root hairs) allelic mutants, 

isolated after EMS (ethyl methanesulphonate) mutagenesis in the C24 

ecotype background. The strongest effect on RHs growth was 

described in der1-2 and der1-3 mutants (Figure 12; Ringli et al., 

2002). Surprisingly, the ACTIN2 expression level is not affected by 

single point mutation in DER1 locus (Ringli et al., 2002). Other mutations in the ACT2 

gene also showed a defect in the growth of RHs, but they have accumulated also other 

types of phenotypic changes. For example, act2-2D mutant (EMS mutagenesis in Ler 

background) has trichoblasts without any bulges and has shorter AFs bundles as 
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comparing to wild type (Nishimura et al., 2003). T-DNA insertional loss-of-function 

mutants in ACT2 gene, act2-1 (Gilliland et al., 2002) and act2-3 (Nishimura et al., 2003) 

do not show defects in RH initiation, but their RHs are shorter than those of wild-type 

plants (Gilliland et al., 2002; Nishimura et al., 2003). Studies based on mutagenesis of 

genes for vegetative actins revealed that ACT7 is involved in root growth, epidermal cell 

specification, cell division and root architecture, while ACT2 and ACT8 are essential for 

RH tip growth (Gilliland et al., 1998). 

In RHs, actin cytoskeleton has more diverse structure in comparison to MTs 

(Higaki et al., 2006). RH tips are enriched in vesicles and AFs, among others, regulate 

vesicular trafficking, which is essential for tip growth. Interestingly, actin (+) plus ends 

are highly enriched in the apical dome of RHs (Vazquez et al., 2014). The involvement 

of AFs in RHs tip growth was demonstrated by analyses with the effects of actin 

disrupting drugs. Cytochalasin D binds to the growing end of AFs (Pollard and Mooseker 

1981) and stops polymerization and elongation of net-axial fine bundles of AFs at the 

subapical RH zone and stops tip growth (Miller et al., 1999). Latrunculin B treatment 

causes AFs depolymerization, resulting in RH growth arrest (Baluška et al., 2000). In 

overall, these experiments proved that actin cytoskeleton is essential in both the process 

of RH initiation and proper RH tip growth (Braun et al., 1999; Pei et al., 2012).  

2.5 Conventional and advanced microscopy techniques 

Microscopy is analytical instrumental technique for imaging of different 

organisms, including plants, at the supra-cellular, cellular, and sub-cellular levels. 

Advances of microscopy techniques combining wide-field light microscopy, 

multispectral fluorescent microscopy, up to sub-diffraction super-resolution microscopy 

have made it possible to observe the organization and dynamics of cells and most of the 

organelles and subcellular compartments in cells of living plants down to the nanoscale 

(Komis et al., 2018). After development of fluorescent recombinant proteins technology 

(such as GFP, YFP, RFP and other), fluorescence microscopy exploded in further 

development. Traditionally, the most frequently used are techniques of confocal laser 

scanning microscopy (CLSM) and spinning-disk microscopy (SD) that were among the 

first techniques capturing cells localized mostly on the surface of living or fixed plant 

samples (Berthet and Maizel, 2016).  

Plants are very sensitive to changes in external environmental conditions. 

Therefore, the live cell imaging by conventional microscopy methods with traditional 
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sample preparation approaches may often generate some artefacts. This is mainly caused 

by enclosing plants to small observation chambers that are exposed to high laser light 

intensity, which often leads to temperature and photo-oxidation far from ideal (Reddy et 

al., 2007). Hence, a compromise between achieving conditions allowing the observation 

of biological processes at the appropriate spatial and temporal resolution and maintaining 

conditions as close to natural as possible for the sample is a goal of advanced microscopic 

methods in live cell imaging (Stelzer, 2015). The presented Ph.D. thesis was elaborated 

by utilization of several microscopy methods. From conventional microscopy, we used 

confocal laser scanning microscope (CLSM) and spinning-disk microscope (SD), and 

from advanced microscopy methods Airyscan confocal laser scanning microscope 

(ACLSM) and light-sheet fluorescence microscope (LSFM) were employed. The basic 

principles of each individual microscopy method are depicted in Figure 13.  

Figure 13: Schematic representation of the principles and configuration of various 

microscopy methods. (A) Spinning-disk microscopy with double spinning disk. Adapted from 

Lima et al., 2006. (B) Airyscan CLSM with two different detection paths. Adapted from 

Korobchevskaya et al., 2017. (C) LSFM with two illumination objectives and one detection 

objective. Adapted from Ovečka et al., 2015. 

2.5.1 Confocal laser scanning microscopy (CLSM) 

 CLSM belongs to conventional fluorescence methods utilizing a laser as a light 

source. Laser is monochromatic source of light with one, few, or a range of wavelengths. 

Classic wide-field fluorescence microscopy uses fluorescence lamps, which generates 

discontinues light. Required wavelength for excitation is selected by excitation filters. 
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The resulting fluorescence light is reflected from the dichroic mirror (beam splitter) to 

illuminate the whole specimen. The emitted light passing through the dichroic mirror and 

emission filter into the detector results, due to out-of-focus fluorescence collection, in a 

blurred image (Wright and Wright, 2002; Tichá et al., 2020). CLSM is point-based 

imaging system, scanning specimen sequentially spot by spot, but eliminating out-of-

focus light by the means of the pinhole (Figure 13B). The pinhole physically blocks less 

intense areas of the excitation and emission fluorescence light, letting to passes primarily 

in-focus emitted light only (Wright et al., 1993; Mauko et al., 2009). It secures high 

signal-to-noise ratio (SNR) and micrographs with good resolution. Improved axial 

resolution and high SNR, however, is consequence by reduced imaging speed (Girkin and 

Carvalho, 2018). Volumetric 3-D data are obtained from repetitional sequential scanning 

of 2-D optical slices in z-dimension (Girkin and McConnell, 2005). It may lead to high 

doses of fluorescence light loading, which leads to high sample photo-damage and 

photobleaching of fluorophore. For these reasons, CLSM is not always usable for imaging 

of very dynamic processes in cells and limitations are related also to range of imaging 

depth (Girkin and McConnell, 2005; Wang et al., 2005). 

2.5.2 Spinning-disk microscopy (SD) 

 SD is conventional microscopy method, which is based on a different principle as 

compared to CLSM. It is based on the presence of two rotating disks (Figure 13A). 

Nipkow (pinhole) disk with 20.000 perforations arranged apart in a helical pattern, but 

covering only a part of the disk, rotates rapidly during imaging, creating thus thousand 

light spots that illuminate uniformly specimen without stripes. Each point is illuminated 

several hundred times during acquisition, and the image is the result of many short 

exposures at low excitation light intensity. The limitation is that pinhole disk blocks  

a large portion of excitation light, so the sample is illuminated insufficiently. This 

problem was solved by the second disk with microlenses, which is positioned towards the 

pinhole disk (Inoué and Inoué, 2002; Stehbens et al., 2012). The positions of pinholes 

and microlenses are synchronized during imaging, securing that the fraction of excitation 

light transmitted by pinhole disk raised from about 1% to 40% (Tanaami et al., 2002). 

Pinhole disk also reduces the out-of-focus emission fluorescence light. Together with 

highly efficient camera systems, such as low-light electron multiplication CCD 

(EMCCD) or complementary metal-oxide-semiconductor (sCMOS), SD is very fast 

imaging microscopy methods with sufficient resolution. Accordingly, the imaging speed 
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(high temporal resolution) is the highest advantage of SD, reaching the frequency up to 

360 frames per second (Gräf et al., 2005). SD is therefore a suitable method for the 

observation of very dynamic processes in living cells. Likewise, this method has also 

some disadvantages. First, samples with a low fluorescence yield require an increase of 

the light illumination energy, leading to a higher level of phototoxicity and 

photobleaching. The other limitation is related to thicker samples, as higher background 

noise is generated and only lower axial resolution can be achieved (Wang et al., 2005; 

Stehbens et al., 2012). 

2.5.3 Airyscan confocal laser scanning microscopy (ACLSM) 

 Airyscan CLSM is a system that combines super-resolution microscopy with 

conventional CLSM (Korobchevskaya et al., 2017). Super-resolution microscopy 

methods have been developed and successfully used to study nano-sized objects at  

a subcellular level, however, mostly applied in fixed samples or samples mounted in  

a toxic and oxygen-free imaging buffers (Rust et al., 2006). Consequently, super-

resolution microscopy has some limitations for live-cell imaging. On the other hand, some 

methods like SIM (structured illumination microscopy) and STED (stimulated emission 

depletion microscopy) were adapted for live-cell super-resolution imaging (Komis et al., 

2018), although inducing a high dose of photo-toxicity (Wang, 2016). 

 Airyscan consists special 32-channel GaAsP (gallium arsenide phosphide) PMT 

array of detectors arranged in planar orientation (Figure 13B). Each unit of the array 

equivalent to a point detector with a sampling capacity of a 0.2 Airy Unit (AU) pinhole, 

support a total projecting efficiency equivalent to1.25 AU (Engelmann and Weisshart, 

2014; Huff, 2015). Such increase in spatial resolution is related to a simultaneous 

enhancement of a signal-to-noise ratio without increasing the excitation power and 

acquisition time (Korobchevskaya et al., 2017). Standard confocal microscopy operates 

with the pinhole opening corresponding to 1 AU (Snyman et al., 1999), as the best setting 

to collect 80% of the light from a pixel location. In this case, the main factor is a numerical 

aperture (NA) of the objective used, and spectral properties of the fluorophore (Snyman 

et al., 1999; Jonkman and Brown, 2015). However, still some amount of the emitted light 

is lost. In contrast, all emitted light is collected by the virtual pinhole of the 32 unit-

detector of ACLSM. A further increase in resolution is obtained by the deconvolution of 

the acquired data (Korobchevskaya et al., 2017). All mentioned properties, such as 

combination of confocal microscopy with enhanced spatial resolution, and increased 
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sensitivity to given fluorescence signal suggest that ACLSM is reasonable method for 

improved dynamic live-cell imaging (Sivaguru et al., 2016).  

2.5.4 Light-sheet fluorescence microscopy (LSFM) 

 LSFM is innovative and conceptually new method. A very thin light beam 

modulated to a „light-sheet”, which passes through the sample in one focal plane, is 

generated by two illumination objectives facing each other. The excitation and detection 

way are physically separated meaning that detection objective is oriented perpendicular 

to the illumination objectives (Figure 13C; Girkin and Carvalho, 2018; Ovečka et al., 

2018). The arrangement of individual objectives ensures that the excitation of the 

fluorophores in the sample is limited to the illuminated plane, and no emission away of 

the illuminated plane ensures no out-of-focus fluorescence. Simultaneously, it protects 

adjacent parts of the sample from photobleaching (Girkin and Carvalho, 2018). Position 

of the illumination plane at the sample fits perfectly to focal plane of the detection 

objective (Ovečka et al., 2015). Hence, LSFM generate only a low photo-toxicity level 

and offers fast recording rate of optical sections. It is well suited for long-term live cell 

imaging (Reynaud et al., 2015; Stelzer, 2015). Long-term imaging is also supported by 

the fact that sample mounting and orientation in the microscope chamber are similar to 

natural conditions (Maizel et al., 2011; von Wangenheim et al., 2016a). Traditionally 

prepared plant samples for conventional microscopes are placed between microscopic 

slide and the coverslip horizontally positioned in microscope stages, which limits growth, 

medium and oxygen exchange (Ovečka et al., 2005; 2015). In contrast, plant samples are 

inserted into the observation chamber in a vertical position in LSFM. Whole plants are 

mounted in the FEP (fluorinated ethylene propylene) tube, allowing leaves and green part 

of plants to be exposed to air, while roots are growing in transparent solidified medium 

suitable for imaging. The rest of the imaging chamber is filled with a liquid medium 

(Figure 12C). In this way, inserted plants can grow along natural gravity vector supplied 

with enough space and nutrients (Ovečka et al., 2015). Once inserted, the whole volume 

of the specimen can be imaged by acquiring optical sections in full range of x-, y- and z-

dimensions, different angles and undetermined time. The obtained multidimensional data 

can be processed for 3-D rendering in time (Huisken et al., 2004; Verveer et al., 2007; 

Holekamp et al., 2008; Reynaud et al., 2015). 

 Light-sheet microscopy is the best among methods for long-term imaging of 

whole living specimens, which is mainly utilized in development studies. Important to 
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note is the fact that subsequent processing of the obtained data is time-consuming and 

their amount is in the order of gigabytes and terabytes (Dunsby, 2008; Huisken et al., 

2004; Maizel et al. 2011; Ovečka et al., 2015). 

3.6 Post-acquisition image processing and quantitative analysis of single particle 

dynamics 

 Obtaining images from microscopic imaging is not the last step in the evaluation 

procedure. First step is a deconvolution process, which is useable for images from high-

resolution advanced microscopical methods. Deconvolution is an iterative mathematical 

process to improve the contrast and resolution of a three-dimensional image by 

extrapolation of an experimental point spread function (PSF) by employing various 

algorithms.  PSF is the 3D reconstructed image of a sub-diffraction spherical point 

emitter. Assuming that the acquisition of the PSF and microscope image are performed 

under similar conditions, the final processed image will be close to the real object (Komis 

et al., 2015b; Shaw, 2006). For example, Airyscan CLSM uses the Weiner deconvolution 

filter, which is a non-iterative linear algorithm approach to minimise the impact of 

frequencies with low SNRs on the reconstructed images (Korobchevskaya et al., 2017). 

This technique combines confocal imaging with the 32 detector units of 0.2 AU in 

diameter per unit, deconvolution and the pixel-reassignment principle in order to enhance 

both the spatial resolution and SNR. Images from the individual detector are part of the 

deconvolution process leading to preservation of information about lateral and axial 

resolution (Huff et al., 2017; Korobchevskaya et al., 2017). 

 The next step is quantitative analysis of microscopic data. In the Ph.D. thesis, we 

utilized single-particle tracking (SPT), which is a powerful tool in the quest for 

quantitative analysis of intracellular dynamic processes (such as trajectories, speeds, and 

size of particles). A particle can mean most things, from a single molecule to a 

macromolecular complex, organelle, virus or microsphere (Saxton, 2008). The SPT is 

challenging, because manually detecting and following large numbers of individual 

particles is not feasible, and therefore automated computational methods were developing 

rapidly (Chenourd et al., 2014). The image analysis procedure of SPT is divided into two 

steps: (1) particle identification (the spatial aspect), their separation from the background, 

and estimating of coordination in every frame (the segmentation step); (2) the linking step 

(or the temporal aspect), when segmented objects are connected from frame to frame 

(Meijering et al., 2012). Over the years, many methods have been developed for each of 
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these steps, often originating from other research areas of data analysis, which are 

summarized in Meijering et al., 2012 and Chenourd et al., 2014. Most of used ones are 

plugins of Fiji (ImageJ) or the Matlab software. The difference in use also depends on 

image dimensions in 2D or 3D, and mode of manual or automatic segmentation 

(Meijering et al., 2012). 

 Frequently used programs for tracking of endosomes and vesicles are Motion 

Track (Gasman et al., 2003), PolyParticleTracker (Flores-Rodriguez et al., 2011), ImageJ 

plugins (Toshima et al., 2006; Ohashi et al., 2011; Li et al., 2012), or DiaTrack (Trejo et 

al., 2010). All of them use individual algorithms to recognize and follow the particles. 

Two independent studies analysed early endosomal/TGN compartments in growing RHs. 

By MultipleKymograph plugin for ImageJ software was shown that GFP-RabA1d 

vesicles moved with an average speed of about 8.7 μm.s-1 (Berson et al., 2014; von 

Wangenheim et al., 2016b). On the other hand, late endosomes in RHs visualized by 

fluorescence markers, such as YFP-RabF2a, YFP-RabF2b, GFP-2xFYVE, had lower 

value of average speed (around 6 μm.s-1; von Wangenheim et al., 2016b).  Measurements 

of early endosomes (GFP-Rab5) movement in HeLa cells using PolyParticleTracker 

software, likewise showed similar values (Flores-Rodriguez et al., 2011). In summary, 

there are many evaluation tools, and the choice depends mainly on the origin of the data 

and the kind of quantitative parameters under analysis. 
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3. Materials and methods 

3.1 Plant material and growth conditions 

Arabidopsis thaliana (L.) Heynh. plants of the Columbia (Col-0) and C24 

ecotypes were used as a wild-type. All mutant plants and their transgenic or crossed lines 

are summarized in Table 1. Seeds were surface sterilized in 70% ethanol for 2 min, in 1% 

sodium hypochlorite with 0.01% Tween 20 for 8 min, and finally washed three times in 

sterile distilled water.   

Table 1: List of mutant and transgenic lines used in this study  

Mutant/transgenic 

plants 
Description Origin/source 

der1-3 (deformed root 

hairs) 

Single-point mutation in 

ACT2 (C24 background; 

At3g18780) 

Ringli et al., 2002 

rhd2-1 (root hair 

defective) 

Single-point mutation in 

RHD2 (Col-0 background; 

At5g51060) 

Foreman et al., 2003 

mCherry-RabF2b (W2R) 

UBQ10::mCherry:RabF2 

(Col-0 background; 

At4g19640) 

Geldner et al., 2009 

mCherry-VTI12 (W13R) 

UBQ10::mCherry:VTI12 

(Col-0 background; 

At1g26670) 

Geldner et al., 2009 

Background line Donor construct/line Preparation method 

C24 or der1-3 (deformed 

root hairs) 

pro35S::GFP:FABD2  

(Voigt et al., 2005b; 

At4g26700) 

transformation 

C24 or der1-3 (deformed 

root hairs) 

pro35S::GFP:MBD 

(Marc et al., 1998; MT-

binding domain of human 

MAP4) 

transformation 
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rhd2-1 (root hair 

defective) 

35S::GFP:RabA1d in Col-0 

(Ovečka et al., 2010; 

At4g18800) 

crossing 

rhd2-1 (root hair 

defective) 

35S::RabF2a:YFP in Col-0 

(Voigt et al., 2005a; 

At5g45130) 

crossing 

GFP-RHD2 in Col-0 

(Takeda et al., 2008; 

At5g51060) 

mCherry-VTI12 in Col-0 crossing 

mCherry-RabF2b in Col-0 crossing 

 

Sterilized seeds were planted into ½ (half-strength) MS (Murashige & Skoog, 

1962) medium without vitamins, supplemented with 1% sucrose and solidified with  

0.6 % (w/v) Gellan gum (Alfa Aesar, ThermoFisher Scientific, Waltham, MA, USA). 

Petri dishes containing seeds were stratified at 4 °C for 3 days. After stratification, plates 

with seeds were cultivated vertically in a growth chamber at 21 °C at 70 % humidity with 

a 16/8 h light/dark photoperiod (in vitro conditions). The illumination intensity was  

130 µmol m-2s-1.  

3.2 Transformation and crossing 

Arabidopsis thaliana plants of ecotype C24 and der1-3 mutant were transformed 

with Agrobacterium tumefaciens strain GV3101 carrying a construct 

pro35S::GFP:FABD2, coding for F-actin binding domain 2 of Arabidopsis FIMBRIN 1 

(FABD2) fused to green fluorescent protein (GFP; Voigt et al., 2005b) or with a construct 

pro35S::GFP:MBD coding for the microtubule-binding domain (MBD) of the 

mammalian MICROTUBULE-ASSOCIATED PROTEIN 4 (MAP4) fused to GFP (Marc 

et al., 1998). Both constructs were driven by the constitutive 35S promoter and N-terminal 

GFP fusion with rifampicin and kanamycin resistance. Constructs were prepared by  

a classical cloning method in pCB302 vector with an N-terminal GFP fusion with 

rifampicin and kanamycin resistance and with the herbicide phosphinothricin as the 

selection marker in planta. Stable plant transformation was performed according to 

Clough and Bent (1998). Inflorescences of 3-4 weeks old plants were soaked in 

Agrobacterium tumefaciens cultures for 10 s and were stabilized in the dark overnight. 

After that, plants were cultivated in a culture chamber at 24 °C, 60% humidity, 16/8 h 

light/dark photoperiod. Transformation was repeated after one week. For T1 seeds 
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generation, a selection culture medium containing phosphinothricin (50 mg.ml-1) was 

used. In addition, stable transformed lines were selected according the phenotype 

expected. The RH phenotype of transgenic der1-3 plants was visually selected using  

a stereomicroscope and the presence of GFP fusion proteins marker was detected and 

confirmed using an epifluorescence stereomicroscope Axio Zoom.V16 (Carl Zeiss, 

Germany). Seeds of the stable T3 generation were used for experiments. 

 Crossing was performed with plants of the rhd2-1 mutant as female donors, that 

were crossed with transgenic plants bearing fluorescent markers for early 

endosomes/TGN, GFP-RabA1d (Ovečka et al., 2010), or late endosomes, RabF2a-YFP 

(Voigt et al., 2005a), which were used as male donors. Transgenic plants with N-terminal 

fusion of RHD2 with GFP under the control of the RHD2 promoter (GFP-RHD2 line in 

the Col-0 background; Takeda et al., 2008), were crossed with transgenic plants carrying 

fluorescent markers of endosomal compartments (Wave line W2R producing mCherry-

RabF2b for late endosomes Geldner et al., 2009; and Wave line W13R producing 

mCherry-VTI12 for early endosomes/TGN; Geldner et al., 2009). Transgenic plants with 

GFP-RHD2 were used as female donors in crossings. The progeny of the F1 generation 

was selected according to fluorescence signals using an Axio Zoom.V16 fluorescence 

stereomicroscope (Carl Zeiss, Germany), and plants of the F2 or F3 generations were used 

for experiments.  

3.3 Application of stress factors 

The response of C24, C24 bearing GFP-FABD2 (C24 GFP-FABD2), der1-3, and 

der1-3 bearing GFP-FABD2 (der1-3 GFP-FABD2) plants to oxidative stress was tested 

with three different concentrations (0.1; 0.2 and 0.5 μmol.l-1) of paraquat (PQ; methyl 

viologen), and four different concentrations of H2O2 (0.5; 1; 1.5 and 3 mmol.l-1). Stress-

inducing compounds were added directly to ½ MS culture medium after autoclaving 

(summarized in Table 2). Seeds were planted either directly on ½ MS media containing 

different concentrations of PQ, or 3-day-old plants germinated and growing on the control 

½ MS media were transferred to media containing different concentrations of PQ or H2O2. 
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Table 2: Effective concentrations and volumes of chemicals used in the culture 

medium for induction of oxidative stress. 

Chemical 
Effective 

concentration 

Volume in 250 ml ½ MS 

medium 

Paraquat 

(PQ) 

0.1 µmol.l-1 25 µl 

0.2 µmol.l-1 50 µl 

0.5 µmol.l-1 125 µl 

Hydrogen 

peroxide 

(H2O2) 

0.5 mmol.l-1 7.5 µl 

1 mmol.l-1 15 µl 

1.5 mmol.l-1 22.5 µl 

3 mmol.l-1 45 µl 

 

3.4 Phenotypic analysis 

3.4.1 Phenotype, growth and biomass production of der1-3 mutant plants 

 Plants (C24 wild-type and der1-3 mutant) cultured in vitro were scanned for 

phenotype directly on Petri plates every 24 h for 5 days after germination. Pictures from 

a scanner (Image Scanner III, GE Healthcare, Chicago, IL, USA) were used for 

measurements of primary root length in ImageJ software (http://rsb.info.nih.gov/ij/). 

Phenotypes of 18-days old plants in vitro, morphology of rosettes of 19-days old plants 

growing in vivo and the size of individual leaves were documented using a Nikon 7000 

camera equipped with macro-objective (50 mm, 2.8; Sigma). The phenotypes of entire 

roots and root tips of 5-days old plants in vitro were recorded with an M165FC stereo 

microscope equipped with LAS V 4.0 software (Leica). 

3.4.2 Oxidative stress 

 C24, C24 GFP-FABD2, der1-3, and der1-3 GFP-FABD2 plants were scanned 

directly on plates every 24 h for 11 days from the day of germination. This was done for 

plants of both germinating and growing in vitro on the control media, or on media 

containing different concentrations of PQ. Plants germinating on the control media and 

transferred to stress conditions (plates containing PQ or H2O2) were scanned on plates 

every 24 h for an additional 4 days after their transfer. The measurement of the primary 

root length was done from scanner images (Image Scanner III, GE Healthcare, Chicago, 

IL, USA. The root length was measured in ImageJ software (http://rsb.info.nih.gov/ij/). 

A Nikon 7000 camera equipped with a macro objective Sigma 50 mm (2.8 focal distance) 

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
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was used for documenting the phenotype of plants growing in plates. Fresh weights of 

shoots and roots separately were measured from 18-days old plants growing on media 

containing PQ. 

3.5 Immunolabelling of microtubules by the whole-mount method 

Whole-mount immunofluorescence labelling was prepared from 3-days old C24 

and der1-3 mutant roots germinating in control half-strength MS medium according to  

a standard protocol (Beck et al., 2010; Šamajová et al., 2014) with some modifications. 

Samples were fixed at room temperature for 1 h or at 4 °C overnight. After aldehyde 

reduction samples were washed five times for 10 min and washing after cell wall 

digestion was done three times for 10 min. In addition, 5 % (w/v) bovine serum albumin 

(BSA) in phosphate-buffered saline (PBS) was used for blocking. YOL1/34 (Bio-Rad) 

diluted in 3 % (w/v) BSA was used as the primary anti-α tubulin rat monoclonal antibody. 

Thorough washing after incubating with the primary antibody was done 12 times for  

10 min with 3 % (w/v) BSA in PBS. Subsequently, a secondary Alexa Fluor 488-

conjugated anti-rat IgG antibody (Molecular Probes), appropriately diluted in 3 % (w/v) 

BSA, was applied. Incubation was done at 37 °C for 3 h followed by incubation at 4 °C 

overnight. Nuclear DNA was counterstained with 4′,6-diamidino-2-phenylindole (DAPI; 

Sigma Aldrich). Immunolabelled samples were examined using a confocal laser scanning 

microscope (CLSM) LSM 710 (Carl Zeiss, Germany). 

3.6 Histochemical detection of O2•− and H2O2 production 

C24 and der1-3 mutant plants (3-days old) were transferred from the control 

media to media containing 0.1 μmol.l-1 of PQ and 3 mmol.l-1 of H2O2. We have chosen 

these concentrations of PQ and H2O2 based on preliminary growth response and 

phenotypical analyses. Histochemical detection of ROS was performed 11 days after the 

transfer (plants were 14-days old). Superoxide (O2•−) was detected by NBT 

(nitrotetrazolium blue) staining according to Ramel et al. (2009). H2O2 detection was 

performed with DAB (diaminobenzidine) staining according to Daudi et al. (2012). After 

staining, plants were mounted into slides and imaged with Axio Zoom.V16 (Carl Zeiss, 

Germany). Staining intensity mean values from selected areas in cotyledons and leaves 

were measured and quantified in ZEN 2 software (blue edition; Carl Zeiss, Germany). 
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3.7 Modelling of ACTIN2 protein structure 

A phenol/chloroform/isoamylalcohol protocol (Pallotta et al., 2000) was used for 

isolation of genomic DNA from the der1-3 mutant plants (from three different samples). 

Isolated genomic DNA samples were subjected to sequencing (SeqMe, Dobříš, Czech 

Republic). In Nucleotide BLAST database (BLAST, U.S. National Library of Medicine, 

National Center for Biotechnology Information; 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearc

h&LINK_LOC=blasthome), we compared acquired sequences with control ACTIN2 

genomic DNA sequence. Sequences (both control and mutated) were translated to protein 

sequences in the application available at http://bio.lundberg.gu.se (University of 

Gothenburg, Sweden; 

http://bio.lundberg.gu.se/edu/translat.html?fbclid=IwAR3var5FJ8CBl4QqNe4Yic8NVz

0TvWRd0TrFuGUo6Nk6idLQxy2HvQqPEU). Only one single point mutation found (in 

position 1114 C-T) changed the protein sequence at the position 97 (Arg97-Cys97) 

accordingly. Protein sequences were used for protein structure modelling using the 

application SWISS-MODEL (Biozentrum, University of Basel, Switzerland; 

https://swissmodel.expasy.org/interactive?fbclid=IwAR1V9lhUgjiR1kUwFLd8ojFftkH

pkZwxIoT6mnEVulEC2cPSYQov2twoE). The representative images were generated in 

the same application.  

3.8 Preparation of samples for microscopy 

All lines under study were prepared for microscopy. Plants 2- to 3-days old were 

transferred to microscopy chambers containing liquid modified MS medium according to 

Ovečka et al. (2005, 2014). The composition of the liquid modified MS medium 

(annotated as ARA medium) is summarized in the Table 3. After manipulation with plants 

during sample preparation, the subsequent stabilization period for 24 h allowed 

undisturbed growth of the root and the formation of new RHs. 

 

 

 

 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://bio.lundberg.gu.se/edu/translat.html?fbclid=IwAR3var5FJ8CBl4QqNe4Yic8NVz0TvWRd0TrFuGUo6Nk6idLQxy2HvQqPEU
http://bio.lundberg.gu.se/edu/translat.html?fbclid=IwAR3var5FJ8CBl4QqNe4Yic8NVz0TvWRd0TrFuGUo6Nk6idLQxy2HvQqPEU
https://swissmodel.expasy.org/interactive?fbclid=IwAR1V9lhUgjiR1kUwFLd8ojFftkHpkZwxIoT6mnEVulEC2cPSYQov2twoE
https://swissmodel.expasy.org/interactive?fbclid=IwAR1V9lhUgjiR1kUwFLd8ojFftkHpkZwxIoT6mnEVulEC2cPSYQov2twoE


49 

 

Table 3: Composition of liquid (ARA) medium for microscopic preparations 

Component 
Value or amount in 50 ml 

medium 

Macroelements - 10x diluted (KNO3, 

KH2PO4, MgSO4.7H2O, Ca (NO3)2.4 H2O) 

5 ml 

Microelements (added after autoclaving) 

- 1000x diluted (H3BO3, MnCl2.4 H2O, 

CuSO4.5 H2O, Na2MoO4.2 H2O, NaCl, 

ZnSO4.7 H2O, CoCl2.6 H2O)  

0.05 ml 

Iron - 100x diluted (Na2EDTA, FeSO4.7 

H2O) 

0.5 ml 

Sucrose 0.5 g 

CaCl2 
5.5 mg 

MiliQ water 44 ml 

Total volume 
50 ml, adjust to pH 5.7-5.8 (with 0.1 

M KOH) 

 

3.9 Application of stress factors directly at the microscope stage 

Application of oxidative stress was induced in the liquid culture medium (ARA 

medium) containing 0.1 μmol.l-1 of PQ. The C24 ecotype and der1-3 mutant expressing 

a construct pro35S::GFP:FABD2 were observed under the microscope under the control 

conditions for 30 min first, and then the medium containing PQ was applied using 

perfusion of the microscopy chamber. The medium was applied sequentially 10 times  

10 μl, therefore the total volume applied reached 100 μl. After perfusion, hypocotyls and 

cotyledons out of the coverslip were carefully covered with parafilm and samples were 

scanned in the microscope every 30 s for a further 30 min. These samples were used for 

live cell imaging of the actin cytoskeleton in hypocotyl epidermal cells and observed in  

a spinning disk microscope Cell Observer SD Axio Observer Z1 (Carl Zeiss, Germany). 

3.10 FM4-64 and phalloidin staining  

The FM4-64 dye was used as a marker for PM and vesicular compartments in root 

cells and in RHs. Experiments were done in 3-days old seedlings of A. thaliana ecotype 
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C24 and der1-3 mutant. Plants were placed in a drop of half-strength MS culture medium 

supplemented with 4 μmol.l-1 FM4-64 (Thermo Fisher Scientific, Waltham, MA, USA) 

on a microscope slide for 30 min in darkness and at constantly high humidity. After 

staining, excess of FM4-64 was carefully washed out from the slide using fresh culture 

medium, and samples after closing with coverslip were directly observed in a spinning 

disk (SD) microscope.  

For the FM4-64 labelling of RHs, 3- to 4-days old plants (GFP-RHD2, GFP 

RabA1d and RabF2a-YFP) were used after 24 h stabilization in microscopy chamber with 

liquid ARA medium. FM4-64 (4 µmol.l-1) in liquid ARA medium were individually 

applied by perfusion directly to the microscopy chamber. The total volume of the 

modified liquid ARA medium with FM4-64 applied was 100 µl, added in 10 separate 

steps consisting of 10 µl each for 10 min. After perfusion, the plants were directly 

observed using a SD microscope. 

Visualization of F-actin using phalloidin was performed in 3-days old plants of  

A. thaliana ecotype C24 and der1-3 mutant according to Panteris et al. (2006). After 

fixation, F-actin was labelled with Alexa Fluor 488-phalloidin (Invitrogen). Samples were 

observed with a confocal laser scanning microscope (CLSM) LSM 710, Carl Zeiss, 

Germany. 

3.11 Filipin III and auxinole application 

Filipin III (Sigma-Aldrich, St Louis, MO, USA) was used as a vital probe for the 

PM structural sterols, allowing the formation of filipin-sterol complexes in RHs at higher 

concentrations. GFP-RHD2, GFP-RabA1d, RabF2a-YFP and GFP-RHD2 × mCherry-

RabF2b plants were used for filipin III labelling. Auxinole (MedChemExpress, 

Monmouth Junction, NJ, USA), a potent auxin antagonist, was used for arresting RH tip 

growth of GFP-RHD2 plants. Filipin III (10 µg.ml-1) and auxinole (20 µmol.l-1) in 

modified liquid ARA medium were individually applied by perfusion directly to the 

microscopy chamber. The total volume of the modified liquid ARA medium with filipin 

III or auxinole applied was 100 µl, added in 10 separate steps of 10 µl each for 10 min. 

After perfusion, the plants were directly observed using a SD microscope. 
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3.12 Microscopic imaging  

3.12.1 Epifluorescence microscopy 

An epifluorescence microscope Zeiss Axio Imager M2 equipped with DIC optics 

and epifluorescence metal halide source illuminator HXP 120 V (Zeiss, Oberkochen, 

Germany), and analysed using Zeiss ZEN 2012 Blue software (Zeiss, Germany) was used 

for time-lapse documenting of RHs growth after filipin III or auxinole treatments. Two 

to three-days-old plants were transferred to microscopy chambers containing liquid 

modified ARA medium according to Ovečka et al. (2005, 2014). Plants after preparation 

required 24 h stabilization in a glass cuvette in an environmental chamber allowed the 

continuation of root growth and the formation of new RHs. Growing RHs (n = 3-5 RHs 

from five plants) were recorded at 1 min intervals for 5 min before the application, then 

for another 5 min throughout the application of mock, or 10 µg.ml-1 filipin III, or  

20 mmol.l-1 auxinole in modified liquid ARA medium, respectively, and 5 min after 

application. Mock treatment represented modified ARA medium without inhibitors. 

Applied solutions (control medium, filipin III, and auxinole) were added sequentially in 

five separate steps of 10 µl each, making a total volume of 50 μl. Gentle application by 

perfusion was performed directly at the microscope stage in the sample chambers at the 

respective time points of acquisition. Imaging was performed with a Plan-Neofluar 

40x/0.75 NA dry objective and documented with a Zeiss AxioCam ICm1 camera. A filter 

set providing a wavelength of 450-490 nm for the excitation and 515-565 nm for the 

emission at 400 ms exposure time was used to visualize the GFP signal. For the filipin III 

signal, the filter set provided an excitation wavelength of 335-383 nm and an emission 

wavelength of 420-470 nm was used. The exposure time was 200 ms for both filipin III 

and DIC channel acquisitions. The image scaling for both channels was 0.116 × 0.116 

mm in x × y dimensions, and with the z dimension 1.65 mm for the filipin III channel, 

and 1.81 mm for the GFP channel. 

3.12.2 Spinning disk microscopy (SD) 

A spinning-disk microscope (Cell Observer Z.1; Carl Zeiss, Germany), equipped 

with EC Plan-Neofluar 40x/1.3 NA oil immersion objective, Plan-Apochromat 63x/1.4 

NA oil immersion objective, and alpha Plan-Apochromat 100x/1.57 NA DIC Korr oil 

immersion objective was used for different live-cell imaging, namely for visualization of 

the cytoskeleton, FM4-64-labelled samples, and for colocalization studies. 
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3.12.2.1 Visualization of cytoskeleton and FM4-64 in living plants 

Plants of C24 ecotype and der1-3 mutant expressing pro35S::GFP:FABD2  (actin 

cytoskeleton) and pro35S::GFP:MBD (microtubules) constructs were scanned in a Z-

stack mode in a time range of every 30 s for 30 min. For these experiments were used EC 

Plan-Neofluar 40x/1.3 NA and Plan-Apochromat 63x/1.4 NA oil immersion objectives. 

Images were recorded with a high-resolution Evolve 512 back-thinned EM-CCD camera 

(Photometrics) with the exposure time 500-750 ms per optical section. The samples were 

imaged with a 488 nm excitation laser line and BP525/50 emission filter for detection of 

GFP fluorescence and with a 514 nm excitation laser line and emission filter BP690/50 

for detection of FM4-64 fluorescence. The excitation laser power level for all lasers used 

was set up to 50%. 

3.12.2.1.1 Quantification of cytoskeleton and FM4-64 in living plants   

Parameters tested, such as orientation of the cell division plane CDP, actin 

cytoskeleton skewness (an extent of AF bundling) and AF fluorescence integrated density 

(representing a percentage of occupancy), were measured in ImageJ software 

(http://rsb.info.nih.gov/ij/). Orthogonal projections of 6 to 10 optical sections from  

Z-stacks (in C24 GFP-FABD2 and der1-3 GFP-FABD2 lines) were used for the 

preparation of videos and measurement of AF skewness and occupancy. Quantitative 

analysis of AF angular distribution was done with CytoSpectre Version 1.2 software 

using the cell axis as a reference (Kartasalo et al., 2015). Analysis showed the degree of 

AF arrangement with respect to transverse (defined as perpendicular to the cell axis at an 

angle of 0° or 180°), longitudinal (parallel to the cell axis at an angle of 90° or 270°) or 

random (an angle between 0° and 180°) orientations. Semiquantitative analysis of AF 

dynamics in hypocotyl epidermal cells were presented by pseudocolouring displacement 

analysis. Images recorded at the beginning, after 15 min, and after 30 min of the time-

point scanning were individually coloured red, green, and blue, respectively, and merged. 

Overlay of all three colours creating a white one indicated lowering, or eventually 

stopping, active actin rearrangements.  

FM4-64 labelled roots of C24 wild-type and der1-3 mutant plants were used for 

quantification of CDP orientation. The angular positioning of cross-walls with respect to 

the longitudinal root axis was measured from microscopic images of root cells stained 

with FM4-64. The obtained data were divided into three categories according to the 

recorded angles: cross-walls at right angles (90° ± 5 %), cross-walls at acute angles (<85°) 

http://rsb.info.nih.gov/ij/
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and cross-walls with obtuse angles (>95°). Angles were measured in root epidermal and 

cortical cells of C24 wild-type and der1-3 mutant plants.  

3.12.2.2 Colocalization studies in root hairs 

  The colocalization of fluorescence signals was analysed using simultaneous signal 

acquisition with two independents Evolve 512 EMCCD cameras (Photometrics). After 

camera calibration for proper alignment, the fluorescence signals of the two markers were 

imaged and recorded using a camera streaming mode. The samples were imaged using an 

excitation laser line of 405 nm and emission filter BP450/50 for filipin III signal detection, 

excitation laser line of 488 nm and emission filter BP525/50 for GFP signal detection, 

excitation laser line of 514 nm, and emission filter BP535/30 for YFP signal detection, 

excitation laser line of 514 nm and emission filter BP690/50 for FM4-64 signal detection, 

and excitation laser line of 561 nm and emission filter BP629/62 for the mCherry signal 

detection. The excitation laser power level for all lasers used was set up to 50%, and the 

samples were scanned every 731 ms using a camera-streaming mode. Semi-quantitative 

signal intensity analysis of double transgenic lines GFP-RHD2 × mCherry-VTI12 and 

GFP-RHD2 × mCherry-RabF2b were done from one selected Z-stack of the scanned area. 

Similarly, the fluorescence intensity was determined in single transgenic lines GFP-

RHD2, GFP-RabA1d, and RabF2a-YFP labelled with FM4-64. Profiles for quantitative 

signal intensity distribution and colocalization were generated using Zen Blue 2014 

software (Carl Zeiss, Germany). Quantitative colocalization analysis of vesicular 

compartments was performed from 75 measurements of each individual line. It represents 

three different ROIs from five individual RHs at five different time points. Colocalization 

analysis was also performed on PM from five individual RHs at five different time points, 

in total 25 measurements. For the measurement, a particular ROI covering the selected 

PM area of each respective time point was indicated. Pearson’s correlation coefficient 

according to Costes et al. (2004) was used as the parameter for quantitative colocalization 

analysis from selected ROIs of vesicles and PMs of double transgenic lines (GFP-RHD2 

GFP-RHD2 × mCherry-VTI12 and GFP-RHD2 × mCherry-RabF2b) and FM4-64 

staining of GFP-RHD2, GFP-RabA1d, and RabF2a-YFP lines. 

3.12.3 Confocal laser scanning microscopy (CLSM) 

Fixed plant samples for phalloidin staining and for whole-mount immunolabelling 

were examined with a confocal laser scanning microscope (LSM 710; Carl Zeiss, 

Germany) equipped with a Plan-Apochromat 40x/1.4 numerical aperture (NA) oil 
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immersion objective. Samples labelled with phalloidin and Alexa Fluor 488 immuno-

labelled roots were imaged using a 488-nm laser excitation line and emission spectrum 

493-630 nm and DAPI fluorescence detection was done with a 405-nm excitation laser 

line and emission spectrum 410-495 nm. Laser excitation intensity did not exceed 2 % of 

the laser intensity range available. The range of the Z-stack was always set to 0.61 μm.  

3.12.4. Airyscan confocal laser scanning microscopy (Airyscan CLSM) 

Confocal laser scanning microscope LSM 880 equipped with Airyscan (Carl 

Zeiss, Germany) was used for qualitative and quantitative characterization of GFP-

RHD2-positive compartments during RH development and growth. Plants 2- to 3-days 

old were transferred to microscopy chambers containing liquid modified ARA medium 

according to Ovečka et al. (2005, 2014). After manipulation with plants during sample 

preparation, the subsequent stabilization period for 24 h allowed undisturbed growth of 

the root and the formation of new RHs. In total, we used more than 10 individual plants 

to analyse the development and growth of RHs. Image acquisition was performed with a 

20x/0.8 NA dry Plan-Apochromat objective (Carl Zeiss, Germany). The samples were 

imaged with an excitation laser line of 488 nm and BP420-480 + BP495-550 emission 

filters for GFP detection. The laser power did not exceed 0.8% of the available laser 

intensity range. The samples were scanned every 706 ms with 700 ms of exposure time 

using a 32 GaAsP detector. Pixel dwell time was set up to 1.98 ms, and with default 

settings of the gain level the image scaling was set up to 0.074 × 0.074 × 0.397 mm (x × 

y × z). 

3.12.4.1 Single-particle tracking of compartments containing GFP-RHD2 

Quantitative tracking of the GFP-RHD2 compartments was performed in Arivis 

Vision4D program, version 3.1.4. (Arivis AG, Germany). Data from 3-days old plants 

imaged by Airyscan CLSM were used for measurements. Different stages of RH 

development were selected, and one particular Z-stack of the representative field of view 

was imaged for 60 s. Acquired data were processed and quantified using the Tracked cells 

function of the Arivis software. Before analysis, the following conditions were set up for 

normalization: (1) the highest and lowest fluorescence intensity thresholds were set to  

30 and 410, respectively; (2) the distance of compartment movement recorded during one 

time period should not exceed 5 mm; (3) accepted compartments did not disappear from 

the image plane for more than two time periods during acquisition; and (4) the accepted 

compartment surface area was always in the range of 0.5-3 mm2. GFP-RHD2 
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compartments moving in different stages of RH development, namely in the early bulges, 

late bulges, short growing RHs, and longer growing RHs were characterized by 

minimum, maximum, average speed, and the distance parameters. The analysed 

compartments were divided into the following subgroups: moving to and contacting the 

apical PM (red group), moving in the cytoplasm without any contact with the PM (blue 

group), and contacting the PM and moving back to the cytoplasm (cyan group). A 

comparison was made between compartments moving outside the bulging domain in 

trichoblasts and those moving in atrichoblasts. Fluorescence intensity profiles in the 2.5-

D dimension was also done in Arivis software. 

3.12.5 Light-sheet fluorescence microscopy (LSFM) 

Live-cell imaging of whole roots was done with a light-sheet fluorescence 

microscope (Lightsheet Z.1; Carl Zeiss, Germany) equipped with a W Plan-Apochromat 

20x/1.0 NA water immersion detection objective and two LSFM 10x/0.2 NA illumination 

objectives. Samples were prepared in an open system according to Ovečka et al. (2015). 

Sterilized seeds of C24 and the der1-3 mutant, both expressing pro35S::GFP:FABD2 

construct and Col-0 GFP-RHD2 were plated on half-strength MS medium and stratified 

at 4 °C for 5 days. After rupture of the testa, seeds were transferred to culture medium 

solidified with 0.5 % (w/v) Gellan gum on Petri plates and left to germinate horizontally 

in a growth chamber. Three-day-old plants were inserted into the fluorinated ethylene 

propylene (FEP) tubes with an inner diameter of 2.8 mm and wall thickness of 0.2 mm 

(Wolf-Technik, Germany) with the solidified medium surrounding the root (root was 

embedded in the medium, and the upper green part of plants was exposed to air). The FEP 

tube with one seedling was carefully pulled away from the Petri dish. The samples were 

transferred to a pre-tempered (22°C) observation chamber of the LSFM filled with a 

modified liquid ARA medium. The agar block with the plant was partially pushed out 

from the FEP tube into the liquid medium for imaging of the root tip not surrounded by 

FEP tube walls. Imaging was carried out using dual-side illumination and pivot scan mode 

with a light-sheet thickness of 4.52 µm and with a 488 nm excitation line and BP505-545 

emission filter. Laser excitation intensity did not exceed 3% of the laser intensity range 

available. Image acquisition was done every 5 min in Z-stack mode for 10-15 h. Scaling 

of images in the x, y and z dimensions was 0.228 × 0.228 × 0.477 μm, encompassing the 

volume of 438.69 × 438.69 × 229.79 mm (x × y × z). Images were recorded with the PCO 
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Edge sCMOS camera (PCO AG, Germany) with an exposure time of 40 to 50 ms per 

optical section. 

3.12.5.1 3D rendering of GFP-RHD2 distribution 

Data obtained by LSFM time-lapse imaging from growing primary roots and RHs 

of the GFP-RHD2 line were subjected to 3D rendering. In Zen 2014 software, black 

edition (Carl Zeiss, Germany), a subset of selected time-points (lasting for 4 h and 25 min 

of imaging) was created from the whole volume of the root (containing 483 Z stacks). 

The subsets were selected to capture the different developmental stages of RH formation 

in the root differentiation zone. The output data were imported into Arivis Vision4D 

version 2.12.6 software (Arivis AG, Rostock, Germany) and automatically converted to 

the *.sis file. Subsequently, data were visualized as 3D objects by activating the 4D 

viewer in the Viewer Types Panel. 3D objects were rendered in the maximum intensity 

mode. The colour scale was switched to rainbow colouring to enhance the contrast 

visibility of the fluorescence signal intensities and distribution. The lowest and highest 

saturation points were adjusted to 219 (black) and 427 (red), respectively. For 3D 

visualizations of primary root cross-sections, clipping around a region of interest was 

adjusted using a 4D clipping panel and ROI tab. Videos were configured by arranging 

keyframes and rendered as movies for export in the storyboard extension. Animations 

were prepared by clipping the 3D model against the y- and z-planes in a 4D clipping panel 

and using rotation and zoom tools (done with the help of Michaela Tichá). 

3.12.6 Data acquisition and analysis 

Microscopic data were processed and evaluated in Zen 2014 software, black and 

blue editions (Carl Zeiss, Germany). Kymographs were generated from time-lapsed 

images acquired by SD, Airyscan CLSM and LSFM using the appropriate plugin of Zen 

software (Blue version). ImageJ software (http://rsb.info.nih.gov/ij/) was used for 

analysis of root growth rate, CDP orientation, skewness, and integrated density of 

cytoskeletal components. All graphical plots were prepared in Microsoft Excel software 

and statistical analyses were performed using the STATISTICA 12 (StatSoft, TIBCO 

Software Inc., Palo Alto, CA, USA) by analysis of variance (ANOVA) and subsequent 

Fisher’s least significant difference (LSD) tests (p ˂ 0.05). 

  

http://rsb.info.nih.gov/ij/
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4. Results 

4.1 Single-point ACT2 gene mutation in the Arabidopsis root hair mutant der1-3 

affects overall actin organization, root growth and plant development 

Vaškebová L, Šamaj J, Ovečka M (2018). Single-point ACT2 gene mutation in the 

Arabidopsis root hair mutant der1-3 affects overall actin organization, root growth and 

plant development. Annals of Botany 122: 889-901. doi: 10.1093/aob/mcx180 

LV performed all experiments included in the paper, namely the preparation of stable 

transgenic lines, immunolabelling and phalloidin staining of the cytoskeleton, phenotypic 

and microscopic analyses, data acquisition and their quantitative evaluation. LV also 

participated in writing of the manuscript. 

Actin cytoskeleton forms dynamic network in plant cells, regulating cellular and 

developmental processes like cell division, growth, intracellular signalling and transport. 

ACTIN genes expressed in plants are divided into two groups - encoding for vegetative 

and reproductive actin classes. A major actin in vegetative tissues is encoded by ACT2 

gene. Single-point mutation in the DER1 (deformed root hairs1) locus encoding ACTIN2 

in A. thaliana, generates mutant plants with short RHs, with so called “short root hair 

phenotype”. Originally, only impaired in RH development has been ascribed to der1 

mutations without any other obvious defects in plant growth and development. However, 

our thorough plant phenotyping, organ-specific and cellular analyses revealed differences 

in the growth and development of der1 mutants in comparison to control wild-type plants. 

The phenotypical analyses revealed that the speed of germination, plant fresh weight, and 

total leaf area were significantly reduced in the der1-3 mutant, while number of true 

leaves was increased in der1-3 mutant and the root growth rate was not altered. Obvious 

phenotypical aspect characteristic for der1-3 mutant was wavy growth pattern of the main 

root. Using three independent methods, such as FM4-64 vital staining, live cell imaging 

by light-sheet microscopy of der1-3 mutant lines carrying GFP-FABD2 fusion protein, 

and whole-mount immunolabelling of MTs, we consistently found higher frequencies of 

shifted cell division planes (CDPs) in the root epidermal and cortical cells of the mutant, 

which was much less frequent in the control C24 ecotype. Waving root growth pattern 

connected with alterations in CPD orientation may indicate changes in the actin 

cytoskeleton organization. Therefore, live-cell imaging experiments with transgenic lines 
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carrying GFP-FABD2 fusion protein, together with actin visualization using phalloidin 

labelling in fixed plant samples revealed morphological differences in the actin 

cytoskeleton between der1-3 mutant and control C24 ecotype. Quantitative evaluation 

measurements from two independent studies in hypocotyl epidermal cells and roots 

proved that AFs in the cells of der1-3 mutant were shorter, thinner, and arranged in more 

random orientations. It indicates, that ACT2 mutation in the der1-3 mutant does not 

influence solely RH formation process, but it has more general effects on overall plant 

growth and development. 
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4.2 Single amino acid exchange in ACTIN2 confers increased tolerance to oxidative 

stress in Arabidopsis der1-3 mutant 

Kuběnová L, Takáč T, Šamaj J, Ovečka M (2021). Single amino acid exchange in 

ACTIN2 confers increased tolerance to oxidative stress in Arabidopsis der1-3 mutant. 

International Journal of Molecular Sciences 22: 1879. doi: 10.3390/ijms22041879  

LK performed the modelling of the ACTIN2 protein structure, phenotypic and 

microscopic analyses, histochemical detection of ROS, data processing and statistical 

evaluation. LK participated in writing the manuscript. 

 Our previous study showed, that mutation in ACTIN2 gene of the der1-3 mutant 

affects not only RH development, but has more general effects on overall plant growth 

and development. In particular, der1-3 mutant shows a wavy root growth pattern caused 

by higher frequencies of shifted cell division planes (CDPs) in dividing root cells. In 

addition, der1-3 mutant displayed differences in actin cytoskeleton structure and 

organization compared to C24 control plants. We found out in this following study, that 

der1-3 mutant has increased tolerance to the oxidative stress. Even though the actin 

cytoskeleton is included in the plant defense against the oxidative stress, the complete 

mechanism how altered organization and dynamics of AFs may protect plants was not 

clear. Phenotypic analyses of C24 control and der1-3 mutant plants under the oxidative 

stress revealed that der1-3 mutant possess better growth parameters, such as root growth 

and plant biomass production, especially fresh weight of leaves after prolonged exposure 

of oxidative stress-inducing compounds. We tested plants either germinated on control 

media and transferred to the oxidative stress conditions, or germinated directly on media 

containing different concentrations of PQ or H2O2. After documentation of the 

phenotypes, we characterized the structure and dynamic properties of the actin 

cytoskeleton after application of oxidative stress. Live-cell imaging by spinning-disk 

fluorescence microscope of der1-3 mutant carrying pro35S::GFP:FABD2 construct 

showed a lower bundling rate and higher dynamicity of actin cytoskeleton after 0.1 

µmol.l-1 PQ treatment compared to C24 GFP-FABD2 plants. To support and understand 

der1-3 mutant resistance to oxidative stress in more detail, biochemical analyses of 

selected proteins for estimation of lipid peroxidation and antioxidant capacity were 

performed. In particular, der1-3 mutant exhibited a lower degree of lipid peroxidation 

after oxidative stress, which is important aspect of its enhanced antioxidant defense 
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capacity. Plants of der1-3 mutant also showed an elevated capacity to decompose 

superoxide and hydrogen peroxide, which was supported by increased abundance and 

activity of several antioxidant enzymes, such as iron superoxide dismutase 1 (FeSOD1), 

copper-zinc superoxide dismutase isoforms (CuZnSOD1 and CuZnSOD2), and 

peroxiredoxin Q (PrxQ). Therefore, higher capacity to decompose ROS and enhanced 

cellular redox regulation might represent the other main factors determining an increased 

tolerance of the der1-3 mutant to oxidative stress. This is further supported by the fact 

that single-point mutation in ACT2 leading to single change at the position 97 (Arg97 to 

Cys97) did not change the tertiary protein structure of ACTIN2. However, this change is 

located in the subdomain 1 and topologically present on the protein surface. Since the 

mutated ACTIN2 protein has one additional Cys, we assume that this change could lead 

to enhanced redox-mediated post-translational modifications, accelerating further the 

antioxidant capacity through PrxQ and thioredoxins in the der1-3 mutant. Described 

single-point mutation in the der1-3 mutant also led to increased sensitivity to reducing 

agent dithiothreitol (DTT), which might influence biochemical properties of the ACTIN2. 

Putting all data together, alterations in the actin cytoskeleton, enhanced protection of 

membrane integrity, higher activity of antioxidant enzymes, and increased capacity for 

redox modifications lead to enhanced resistance of der1-3 mutant to mild and severe 

oxidative stress induced by PQ or H2O2 in the culture medium. 
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4.2.1 Supplements 

Figure S1: Root growth rate in plants of control C24, der1-3 mutant and transgenic C24 and 

der1-3 lines under prolonged treatment with PQ. Growth rate of the main root in plants of 

control C24, der1-3 mutant, transgenic C24 line and der1-3 line carrying GFP-FABD2 on control 

media (A) and on media containing 0.1 (B), 0.2 (C) and 0.5 (D) µmol.l-1 PQ within  

11 days after germination. Average root growth per 24 h on the control media (E) and on media 

containing 0.1 (F), 0.2 (G) and 0.5 (H) µmol.l-1 PQ. N=15. Different lowercase letters above the 

bars (E-H) represent statistical significance according to one-way ANOVA and subsequent LSD 

test at p value < 0.05. Adapted from Kuběnová et al., 2021. 

 

 

  



99 

 

Figure S2: Shoot and root fresh weight in plants of control C24, der1-3 mutant and 

transgenic C24 and der1-3 lines expressing pro35S::GFP:FABD2 after germination and 

growth in PQ-containing media. Fresh weight (pooled shoots and pooled roots, respectively) 

from plants of control C24, der1-3 mutant, transgenic C24 line and der1-3 line carrying GFP-

FABD2 growing 18 days on control media (A) and on media containing 0.1 (B), 0.2 (C) and 0.5 

(D) µmol.l-1 PQ. Reduction ratio (fold change in respect to control) of shoot and root fresh weight 

of respective lines growing on media containing 0.1 (E), 0.2 (F) and 0.5 (G) µmol.l-1 PQ. 

Experiments were repeated two times with 16 plants per line (control) and 12 plants per line (PQ). 

Adapted from Kuběnová et al., 2021. 
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Figure S3: Plant phenotype of control and transgenic C24 and der1-3 mutant lines on 

control media. Plants of der1-3 mutant (A), control C24 (B), der1-3 GFP-FABD2 line (C) and 

C24 GFP-FABD2 line (D). Aboveground parts of plants were photographed on white background 

(upper row of images), and whole plants including roots were documented on black background 

(lower row of images). Plants germinated and grown on control media for 20 days. Scale bar =  

1 cm. Adapted from Kuběnová et al., 2021. 

Figure S4: Phenotype of control C24 and der1-3 mutant plants after their transfer to H2O2-

containing media. Plants 3-days old germinated on control media were transferred to H2O2-

containing media and photographed 8 days after transfer. (A-B) Plants of control C24 (A) and 

der1-3 mutant (B) growing on media containing 0.5, 1, 1.5 and 3 mmol.l-1 H2O2. Scale bar =  

1 cm. Adapted from Kuběnová et al., 2021. 
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Figure S5: Histochemical detection of O2
•− and H2O2 production in cotyledons and leaves of 

control C24 and der1-3 mutant plants after their transfer to PQ- and H2O2-containing 

media. Plants 3-days old germinated on control media were transferred to PQ- and H2O2-

containing media and analysed 11 days after transfer. Nitroblue tetrazolium (NBT) staining in 

cotyledons (A) and leaves (B). 3,3′-diaminobenzidine (DAB) staining in cotyledons (C) and 

leaves (D). Results are presented as mean intensity of the histochemical staining from plants 

transferred to media containing 0.1 µmol.l-1 PQ and 3 mmol.l-1 H2O2. Adapted from Kuběnová et 

al., 2021. 
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4.3 ROOT HAIR DEFECTIVE 2 vesicular delivery to the apical plasma membrane 

domain during Arabidopsis root hair development 

Kuběnová L, Tichá M, Šamaj J, Ovečka M (2022). ROOT HAIR DEFECTIVE 2 

vesicular delivery to the apical plasma membrane domain during Arabidopsis root hair 

development. Plant Physiology 188: 1563-1585. doi: 10.1093/plphys/kiab595 

LK performed the majority of experiments, namely preparation of stable transgenic plants 

by crossing, detailed microscopic analyses of compartments positive to GFP-RHD2, 

colocalization studies, quantitative evaluation of vesicle movements, filipin and auxinol 

treatments, processing and statistical evaluation of all microscopic and quantitative data. 

LK participated in writing the manuscript. 

 RHs are tubular extensions of epidermal cells called trichoblasts. RHs are 

important for increasing root surface area and efficiency of water and nutrient uptake. 

Arabidopsis RHs are excellent model for the study of polar tip growth. Gene RHD2 

(ROOT HAIR DEFECTIVE2) encodes NADPH oxidase AtRBOHC, which was localized 

in the apical part of the PM of growing RHs. The role of this NADPH oxidase in the tip 

of growing RHs is a production of ROS. Mutation in the RHD2 gene leads to development 

of short RHs only that are lacking the gradients of ROS and Ca2+ ions important for proper 

tip growth. However, the spatiotemporal subcellular redistribution and delivery to the PM 

in growing RHs are still unclear. Our detailed microscopic analyses using advanced 

microscopy methods revealed the localization pattern of GFP-RHD2 in bulges and tips 

of growing RHs. In this paper, we characterized distribution pattern of vesicular 

compartments containing GFP-RHD2 and their movements in developing bulges and 

growing RHs in transgenic plants where the fluorescence marker GFP-RHD2 was 

produced under the control of native promotor. The localization studies confirmed, that 

the distribution pattern of GFP-RHD2 was spatiotemporally related to the process of RH 

formation. The nature of compartments containing GFP-RHD2 was identified by 

colocalization studies with the selective membrane styryl dye (FM4-64) labelling early 

endosomal markers and with established fluorescent markers of early and late endosomal 

compartments. The colocalization results suggested that vesicular trafficking and targeted 

delivery of GFP-RHD2 during RH development seem to depend on early 

endosomal/TGN compartments. Next, quantitative particle tracking analysis 

characterizing movement parameters of GFP-RHD2 compartments allowed us to divide 
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them into the three independent groups. The first was a group of compartments moving 

to the apical PM and fusing with it. The second group consisted of compartments moving 

in the cytoplasm without any contact with the apical PM, and the third group contained 

compartments moving to and contacting the PM, but subsequently moving back to the 

cytoplasm. The tracking analysis provided quantitative data that showed different 

movement properties among compartments of three individual groups. In addition, the 

differences were also related to individual stages of RHs growth.  Quantitative tracking 

analysis has also proven that movement of TGN/early endosomes, but not late 

endosomes, was more affected in the bulging domains of the rhd2-1 mutant. Finally, 

using specific filipin III labelling, we revealed that structural sterols might be involved in 

the accumulation, docking, and propter incorporation of TGN compartments containing 

GFP-RHD2 to the apical PM in growing RHs. Obtained results clarified the pattern of 

polarized AtRBOHC/RHD2 movement, targeting, maintenance, and recycling at the 

apical PM domain, and helped to better understanding how this pattern could be 

coordinated with different developmental stages of RH initiation and growth in 

Arabidopsis. 
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4.3.1 Supplements 

Figure S1: Semi-quantitative analysis of the tip-focused GFP-RHD2 spatial signal intensity 

distribution obtained using the 2.5-D rendering function in different stages of root hair 

development. (A) early bulge, (B) late bulge, (C) short and (D) longer growing RHs. Adapted 

from Kuběnová et al., 2022. 
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Figure S2: Colocalization analysis of early and late endosomal markers with selective 

membrane styryl dye FM4-64 in growing root hairs. Localization pattern of early endosomal 

marker GFP-RabA1d (A) or of late endosomal marker RabF2a-YFP (B) in the growing RH co-

labelled with membrane styryl dye FM4-64. In merged image, an extend of fluorescence intensity 

colocalization has been analysed along the cross-section profile marked by interrupted white line 

(white arrows indicate the PM) and in moving compartments depicted by the white box. (C, D) 

Fluorescence intensity profiles of the GFP-RabA1d and FM4-64 signals (C) along the cross-

section interrupted white line in (A) and fluorescence intensity profiles of the RabF2a-YFP and 

FM4-64 signals (D) along the cross-section interrupted white line in (B). Arrows indicate position 

of the PM. (E, G) Detailed image of compartments containing GFP-RabA1d and FM4-64 (E) 

within the white box in (A) and detailed image of compartments containing RabF2a-YFP and 

FM4-64 (G) within the white box in (B). Arrows indicate positions of the compartments and 

interrupted white lines depict the profile for fluorescence intensity quantification. (F, H) 

Fluorescence intensity profile of the RabA1d-GFP and FM4-64 signals (F) along the interrupted 

white line in (E) and fluorescence intensity profile of the RabF2a-YFP and FM4-64 signal (H) 

along the interrupted white line in (G). Arrows indicate position of the compartments. Scale bar 

= 5 µm (A, B), 1 µm (E, G). Adapted from Kuběnová et al., 2022. 
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Figure S3: Localization of early and late endosomal markers in growing root hairs of control 

lines. (A) Localization of early endosomal/trans-Golgi marker mCherry-VTI12 in control (Col-

0) line. (B) Localization of late endosomal marker mCherry-RabF2b in control (Col-0) line. Scale 

bar = 5 µm (A, B). Adapted from Kuběnová et al., 2022. 

Figure S4: Semi-quantitative colocalization analysis of GFP-RHD2 with FM4-64. Adapted from 

Kuběnová et al., 2022. 
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Figure S5: Semi-quantitative colocalization analysis of GFP-RabA1d with FM4-64. Adapted 

from Kuběnová et al., 2022. 

Figure S6: Semi-quantitative colocalization analysis of RabF2A-YFP with FM4-64. Kuběnová 

et al., 2022. 
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Figure S7: Semi-quantitative colocalization analysis of GFP-RHD2 with mCherry-VTI12. 

Adapted from Kuběnová et al., 2022. 

 

Figure S8: Semi-quantitative colocalization analysis of GFP-RHD2 with mCherry-RabF2b. 

Adapted from Kuběnová et al., 2022. 
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Figure S9: Quantitative evaluation of the tracking parameters of compartments containing 

GFP-RHD2 in different stages of root hair development. Distributions of distance frequencies, 

maximum and average speeds of analysed compartments moving to either the apical PM (red), in 

the cytoplasm without any contact with the apical plasma membrane (blue) or contacting the PM 

and moving back to the cytoplasm (cyan) in early bulge, late bulge, short and longer RHs. More 

than 59 compartments from 3 to 7 growing RHs from individual plants were analysed. Adapted 

from Kuběnová et al., 2022. 
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Figure S10: Localization analysis of GFP-RHD2 in bulge and root hair after complexation 

of plasma membrane structural sterols with filipin III. (A, B) Localization of GFP-RHD2 in 

the bulge (A) and RH (B), filipin III-positive signal at the PM, and merged images showing the 

distribution pattern of GFP-RHD2 compartments after filipin III treatment for 10 min. (C, E) 

Detailed image of the apical part of the bulge (C) and RH(E) within the white boxes in (A) and 

(B). Arrows indicate the position and the direction of the fluorescence intensity profile 

measurement. (D, F) Fluorescence intensity profiles of the GFP-RHD2 and filipin III-positive 

signal along arrows in (C) and (E). Arrows above the curves indicate the direction of the 

measurement. Scale bar = 5 µm (A, B), 1 µm (C, E). Adapted from Kuběnová et al., 2022. 
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Figure S11: Localization analysis of GFP-RHD2 and RabA1d-GFP in root hairs after 

complexation of plasma membrane structural sterols with filipin III. Detailed image of the 

apical part of the RH showing localization of GFP-RHD2 (A) or of RabA1d-GFP (B) after filipin 

III treatment for 10 min. Five different arrows indicate positions and directions of independent 

fluorescence intensity profiles which were measured. Scale bar = 1 µm (A, B). Adapted from 

Kuběnová et al., 2022.  
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Figure S12: Localization analysis of GFP-RHD2 in root hairs after treatment with auxinole. 

(A, B) Localization pattern of GFP-RHD2 in control growing RH (A; - auxinole). White arrow 

indicates the position and the direction of the fluorescence intensity profile measurement. (B) 

Fluorescence intensity profile of the GFP-RHD2 signal along white arrow in (A).  (C-F) 

Localization pattern of GFP-RHD2 in growing RH after treatment with auxinole (C; + auxinole). 

Auxinole was applied for 5 min by perfusion at the concentration 20 µM and imaged 5 min after 

application (C). RH was than stained by FM4-64 (D). Both signals were colocalized in merged 

image (E) and semiquantitatively analysed (F). White arrow (E) indicates the position and the 

direction of the fluorescence intensity profile measurement. (F) Fluorescence intensity profiles of 

the GFP-RHD2 and FM4-64 signals along white arrow in (E). Scale bar = 5 µm (A, C-E). 

Adapted from Kuběnová et al., 2022. 
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5. General conclusions 

Small dicotyledonous plant Arabidopsis thaliana serves as a model organism in 

almost all fields of plant biology (Boerjan et al., 1992; Koornneef and Meinke 2010). 

Among other advantages, the small genome of A. thaliana has been sequenced (The 

Arabidopsis Genome Initiative, 2000), and relatively easy is preparation and selection of 

mutants and transgenic lines. Classical mutagenesis approaches were based on exposure 

of plants to chemical (discovered by Auerbach and Robson, 1944) or physical (firstly 

used by Muller, 1927) mutagens. This approach induced randomly generated single-point 

mutations that needed subsequent identification and description. Commonly used 

chemical mutagens were alkylating agents (such as EMS- ethyl methanesulphonate) and 

intercalating agents (for example ethidium bromide). As physical mutagens were mostly 

used electromagnetic radiation, such as gamma rays, X-rays or UV light (Mba et al., 

2010). Currently used mutagenesis techniques are based on T-DNA insertion or 

CRISPR/Cas9-based gene editing. These modern methods are used for targeted 

mutagenesis with known specific DNA localization in recipient organisms (Parinov et al., 

1999; Bortesi and Fischer, 2015). 

Arabidopsis thaliana is very good model also for root biology. Arabidopsis root 

has simple anatomical structure, small size, and transparent appearance (Meyerowitz, 

2001). The root system of Arabidopsis is formed from the main root and lateral roots. 

RHs are long tubular extensions of the root epidermal cells called trichoblasts (Foreman 

and Dolan, 2001). The support stronger anchoring of the root system in the soil, increase 

the root surface area for effective water and nutrients uptake, and often interact with soil 

microbes. Location of RHs on the root surface make them easily accessible for 

microscopic visualization and experimental manipulation. They are also easily treatable 

with different chemical and physical probes. On the other hand, RHs are dispensable for 

plant survival, allowing production of large numbers of viable RH mutants that provide  

a tool for study the mechanisms of RH development (Grierson and Schiefelbein, 2002). 

Results presented in this Ph.D. thesis are arranged to three parts that describe 

different aspects of selected A. thaliana RHs mutants, including phenotypical and growth 

characteristics, defense reactions to specific abiotic stresses, and detailed microscopical 

analyses of transgenic lines carrying molecular markers. The first part is dedicated to 

phenotypical characterization of der1-3 (deformed root hairs1) mutant, in which single 
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point mutation in ACTIN2 gene influence not only structure and orientation of actin 

cytoskeleton, but also other cellular and developmental processes. The mutation has been 

induced in the DER1 locus, which is located in the sequence of the ACTIN2 gene, 

encoding the major vegetative actin (ACTIN2) in A. thaliana. Using EMS (ethyl 

methanesulphonate) mutagenesis in C24 ecotype a series of der mutants (der1-der9) has 

been isolated. Three der1 allelic mutants were identified according to their RH phenotype. 

The strongest effect of the mutation on RHs development was observed in der1-2 and 

der1-3 mutants (Ringli et al., 2002; 2005). The phenotype of der1-3 mutant is 

characteristic by very short RHs, improper site selection for RH initiation at the outer 

tangential cell wall of the trichoblasts, and impairment of RH elongation after bulge 

establishment (Ringli et al., 2002). We confirmed this RH phenotype of der1-3 mutant 

plants in our study.  

We demonstrated using cellular analysis of the cytoskeleton and plant 

phenotyping, that the single-point mutation in the ACTIN2 gene had a more general 

influence on plant growth and development, as was thought before. The first novel 

developmental aspect revealed was delayed germination. Seeds of the der1-3 mutant 

germinated more slowly than those of the C24 ecotype. Although mutant roots were 

shorter, the root growth rate was not affected. The main difference, however, was found 

in fresh weight of roots and shoots. The root system of der1-3 mutant had a five-time less 

weight than root system of C24 ecotype. Similarly, leaves of der1-3 mutant reached only 

half the weight of the C24 leaves. Though the leaf area of der1-3 mutant was smaller in 

comparison to C24 control leaves, the der1-3 mutant balanced it by higher number of 

leaves that was almost 20% higher than that of C24 plants. The similar effect was shown 

in another mutant act7-1, with disrupted encoding of the vegetative ACTIN7. This mutant 

showed also 24 h delay in seed germination, but without any other differences in further 

growth and development (Gilliland et al., 2003).  

Another modification in growth detected was a wavy root pattern of der1-3 

mutant. In order to find out the reason for this phenotype, we used three independent 

imaging methods, in particular FM4-64 PM staining in root cells, live cell imaging of root 

actin cytoskeleton through GFP-FABD2 fluorescence in transgenic lines by light-sheet 

microscopy, and whole-mount immunostaining of MTs in root cells. We found out that 

der1-3 mutant had higher number of shifted cell division plates (CDPs) in roots than C24 

plants. Quantitative measurements from FM4-64 vital labelling or fluorescence 

distribution of GFP-FABD2 in root meristematic cells of the der1-3 mutant showed the 
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significantly higher number of oblique CDPs deviating from transverse orientation (with 

respect to the root longitudinal axis). Accumulation of oblique CDPs in root meristematic 

zone could generate random and asymmetrical forces leading to a wavy root growth 

pattern. It has already been described, that the MTs play a key role in determination of 

CDP during mitosis. They also associate with AFs during the formation of the pre-

prophase band (PPB) of MTs already in the pre-prophase and prophase stages of the cell 

division (Takeuchi et al., 2016). We confirmed this trend by immunostaining of MTs, 

together with live-cell imaging of GFP-MBD molecular marker, showing a higher 

number of tilted mitotic MTs arrays (PPBs, spindles, and phragmoplasts) in dividing root 

meristematic cells of the der1-3 mutant. Such a high frequency of MTs arrays tilting was 

not observed in control C24 plants. On the other hand, the measurements of cortical MTs 

angular distribution in root epidermal cells did not show any differences between der1-3 

mutant and C24 control plants. It is obvious, that both MTs and AFs play an important 

role in determination of the future side and orientation of CDP, but in different ways. This 

was supported by other studies, when reduced expression of ACT7, a gene encoding an 

actin isoform highly expressed during mitosis, led to defects in CDP orientation (Gilliland 

et al., 2003). Finally, actin cytoskeleton apparently plays relevant roles in cell division 

and in CDP determination in both asymmetrically and symmetrically dividing cells (Van 

Damme et al., 2007; Rasmussen et al., 2013; Kojo et al., 2013, 2014).  

After detailed microscopic analyses of actin cytoskeleton we found that AFs are 

shorter and thinner in cells of der1-3 mutant as compared to AFs in cells of control C24 

plants. This was confirmed by two different methods: live-cell imaging of hypocotyl and 

root cells of GFP-FABD transgenic lines, and imaging of AFs in fixed samples after the 

Alexa-488-phalloidin staining of cotyledon and hypocotyl cells. Quantitative analysis of 

the orientation showed that in cells of C24 plants actin bundles were longitudinally 

oriented, while actin bundles in cells of the der1-3 mutant were mostly obliquely and 

sometimes transversely oriented. In general, plant cells contain individual AFs and actin 

bundles. The network of individual AFs is often randomly dispersed in the cortical 

cytoplasm and, although their high dynamicity, they have a shorter lifetime. The actin 

bundles are mostly oriented longitudinally along the cell’s longer axis, they are less 

dynamic, but have a longer lifetime (Henty-Ridilla et al., 2013). The changes in actin 

structure and orientation was described also in other mutants affected in the ACT2 gene, 

such as act2-2D and act2-5. Single-point mutation in the act2-2D mutant led to formation 

of shorter actin bundles in root epidermal cells, showing also defects in actin 
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polymerization (Nishimura et al., 2003). T-DNA insertion mutant act2-5 have a modified 

pattern of actin cytoskeleton organization, where AFs are shorter and unbundled (Lanza 

et al., 2012). Altogether, our data clearly indicate that single-point mutation of the ACT2 

gene in der1-3 mutant does not influence only the RH development, but affects also other 

developmental parameters of mutant plants, such as growth pattern of the roots and 

properties of the actin cytoskeleton in cells of the whole plants. However, better 

understanding of the molecular mechanisms how the actin cytoskeleton contributes to the 

proper orientation of the cell division, and what is the role of ACTIN2 isoform in this 

process, will require more detailed future studies. 

The second part of the results is devoted to the characterization of der1-3 mutant 

under oxidative stress. We found as very interesting fact that der1-3 mutant was clearly 

more resistant to oxidative stress as compared to control C24 plants. We proved the 

resistance on the level of plant phenotypes, root growth efficiency, integrity and dynamic 

parameters of the actin cytoskeleton in hypocotyl and root cells of GFP-FABD2 

transgenic lines, and biochemical analyses of anti-oxidative defense mechanisms. In 

principle, a single-point mutation in the der1-3 mutant leads to exchange of Arg97 to 

Cys97 (Ringli et al., 2002). This change occurs in superdomain1 on the protein and 

topologically it is located on the surface, without effecting the tertiary protein structure, 

as shown by model comparison of control, and by mutation affected ACT2 proteins. 

ACT2 protein affected by the mutation is still functional, meanwhile the mutation might 

have an impact on its biochemical properties, such as post-translation modifications or 

protein-protein interactions. The phenotypical analyses and testing of the growth rate of 

C24 control and der1-3 mutant plants, as well as GFP-FABD2 transgenic lines created in 

these two genetic backgrounds were performed with plants either directly germinated on, 

or transferred to oxidative stress condition after control germination. Oxidative stress was 

induced by different concentration of PQ (paraquat) and H2O2 in the culture medium. We 

found out that PQ had stronger effect on root growth than H2O2. The higher resistance of 

der1-3 mutant plants was determined based on lower root growth rate reduction (both 

after 0.1 µmol.l-1 of PQ and 3 mmol.l-1 of H2O2 treatments) and more efficient production 

of root and shoot fresh weight after PQ treatment.  

These facts led us to investigate actin cytoskeleton structure and organization in 

transgenic GFP-FABD2 lines under oxidative stress using live-cell imaging. Quantitative 

analyses showed that AFs in hypocotyl cells of C24 GFP-FABD2 transgenic line 
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underwent a massive bundling after treatment with 0.1 µmol.l-1 PQ for 30 min. On the 

other hand, AFs in der1-3 GFP-FABD2 hypocotyl cells were insensitive to the same 

treatment, preserved their structure and were still dynamic. This fact seems to be one of 

the main reasons supporting the higher tolerance of the der1-3 mutant to the oxidative 

stress. It has been shown that a reduction in AF bundling can be directly associated with 

increased AF dynamics (Staiger and Blanchoin, 2006). The molecular mechanism how 

AFs are involved in plant response to oxidative stress is not fully understand yet, but some 

facts were already revealed. Protection of the actin cytoskeleton under the oxidative stress 

could be required for PIN2 auxin efflux carrier trafficking to the PM. This process is 

controlled by intracellular auxin level and it was shown that auxin amount reduction by 

ROS generation led to inhibition of PIN2 intracellular trafficking. The intracellular 

transport of PIN2 was reduced also after H2O2 treatment, which affected directly actin 

cytoskeleton dynamics (Zwiewka et al., 2019).  

Moreover, our observations that der1-3 mutant is more resistant to oxidative stress 

was corroborated by several biochemical experiments. The quantification of a relative 

malondialdehyde content showed that the der1-3 mutant had a lower degree of lipid 

peroxidation after long-term PQ treatment, as compared to the C24 control plants. Also, 

increased abundance and activity of antioxidant enzymes, such as iron superoxide 

dismutase 1 (FeSOD1), two copper-zinc superoxide dismutase isoforms (CuZnSOD1 and 

CuZnSOD2), and redox buffering protein peroxiredoxin Q (PrxQ) supported better 

tolerance of the der1-3 mutant against oxidative stress. This indicates that the der1-3 

mutant has a higher capacity to decompose O2
·- by increased level and activity of 

CuZnSOD1/2 and FeSOD1 enzymes as compared to the C24 control plants. These 

enzymes were proposed as important determinants of oxidative stress tolerance in plants 

(Sunkar et al., 2006; Dvořák et al., 2021). Due to a higher abundance of PrxQ, which is 

an atypical 2-cys peroxiredoxin using thioredoxin as an electron donor (Lamkemeyer et 

al., 2006; Yoshida et al., 2015), the der1-3 mutant can also decompose H2O2 more 

effectively. Altered ACTIN2 protein in der1-3 mutant has one additional Cys compared 

to natural one, therefore we hypothesized that ACTIN2 in der1-3 might undergo redox-

mediated posttranslational modifications accelerating the antioxidant capacity via PrxQ 

and thioredoxins. It was published, that BEN1, a guanine exchange factor for ARF (ADP-

ribosylation factor), regulating the AF-based intracellular trafficking of PIN2 during 

adaptation to oxidative stress, contains highly conserved cysteine residues (Mouratou et 

al., 2005; Zhou et al., 2010) that could be modified by H2O2 treatment. Increased redox 
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status upon the accumulation of H2O2 can initiate the oxidation of cysteine sulfhydryl 

groups in actins (Wang et al., 2012). Our experiments with redox modification by DTT 

revealed that der1-3 mutant had higher inclination to redox posttranslational 

modifications, which can directly influence its biochemical properties. This is another 

aspect leading to enhanced resistance of the der1-3 mutant to oxidative stress. Direct 

oxidative posttranslational modifications of actins in mammalian cells, such as oxidation 

(Frémont et al., 2017), glutathionylation (Sakai et al., 2012) or S-sulfhydration (Mustafa 

et al., 2009), affected AFs depolymerization (Frémont et al., 2017) and dynamics (Gellert 

et al., 2015; Stojkov et al., 2017). Thus, this section of the Ph.D. thesis brought some 

light to resistance against oxidative stress in der1-3 mutant, in which the single-point 

mutation of the ACT2 gene altered broadly also other cellular and molecular mechanisms. 

The complete mechanism, however, is still not clarified. 

The third and last part of results deals with the role of AtRBOHC/RHD2 in the 

RH formation and their tip growth. Obviously, a mutation in the respective gene leads to 

a so-called “short root hair phenotype” of mutant plants. Process of RH tip growth 

requires vesicular transport and targeted delivery, localized cell wall deposition, and 

controlled PM extension. Critically important parameter is localized generation of ROS, 

creating typical tip-localized gradient together with Ca2+ ions and pH at the apical 

cytoplasm (Šamaj et al., 2006). ROS are produced by NADPH oxidase type C, which is 

encoded by RHD2 (ROOT HAIR DEFECTIVE 2) gene. AtRBOHC/RHD2 is incorporated 

into apical PM and generates ROS into the apoplast (Foreman et al., 2003). NADPH 

oxidase type C is also activated by Ca2+ ions, but the main activators are Rop GTPases 

(Jones et al., 2007). Rop GTPases were found to be accumulated at the site of future RHs 

initiation in trichoblasts (Molendijk et al., 2001; Jones et al., 2002). Single-point mutation 

in RHD2 gene prevent transition from bulge to the tip growth. Importantly, rudimentary 

non-growing RHs in rhd2 mutant lack tip-focused gradients of ROS and Ca2+ (Foreman 

et al., 2003). The short RH phenotype is totally rescuable by GFP:RHD2 construct 

expressed under control of the native promotor (Takeda et al., 2008). In our experiments, 

we used rhd2 mutant and transgenic line carrying GFP-RHD2 in Col-0 background. We 

used different advanced microscopy methods for qualitative and quantitative 

characterization of GFP-RHD2 subcellular distribution and localization. We confirmed 

the published cellular localization pattern of GFP-RHD2, which was selective 
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accumulation in bulges and tips of developing RHs (Takeda et al., 2008), and we extended 

this pattern at the subcellular and super-resolution levels.  

We proved GFP-RHD2 signal localization in apical part of PM in growing RHs. 

Importantly, we found GFP-RHD2 signal localized in dynamic cytoplasmic vesicular 

compartments. These compartments were more abundant in trichoblasts then in 

atrichoblasts. The fluorescence was restricted to root epidermal cells. It was absent in root 

meristem and we started to detect it only in root elongation and differentiation zones, 

which correspond to the zone of RHs development. The pattern of fluorescence signal 

distribution found correlates with quantitative microarray analysis of roots, showing 

enhanced RHD2 transcript accumulation in root differentiation and elongation zones, 

epidermal cells, and RHs (Chapman et al., 2019). In next experiments, we characterized 

in detail the patter of temporal and spatial GFP-RHD2 redistribution of during the process 

of RH initiation and growth. Quantitative single particle tracking analysis showed that 

GFP-RHD2 was targeted to, and removed back from the apical PM domains in 

developing bulges and growing RHs. Interestingly, the range of PM decorated by a 

fluorescent signal from GFP-RHD2 closely correlated with particular stages of RH 

development. 

 We defined the molecular signature of GFP-RHD2-positive compartments 

microscopically by subcellular colocalization studies. Vital staining with FM4-64 

revealed colocalization of FM4-64 with GFP-RHD2 at the PM and in cytoplasmic 

vesicular compartments in growing RHs. FM4-64, as a membrane-specific styryl dye 

after labelling of the PM and after a short incubation time, serves as a fluorescent marker 

of early endocytic compartments in growing RHs (Ovečka et al., 2005). This was 

corroborated positively by colocalization of FM4-64 with early/TGN endosomal marker 

GFP-RabA1d (Ovečka et al., 2010; Berson et al., 2014), and negatively by failed 

colocalization with late endosomal marker RabF2a-YFP (Voigt et al., 2005; Berson et 

al., 2014). In the next step, we prepared double transgenic fluorescence lines by crossing, 

carrying GFP-RHD2 together with mCherry-VTI12 (an early endosomal/TGN marker; 

Geldner et al., 2009) and with mCherry-RabF2b (a late endosomal marker; Geldner et al., 

2009). Colocalization analyses corroborated previous results. Early endosomal/TGN 

marker mCherry-VTI12 showed colocalization with GFP-RHD2 in vesicular 

compartments in growing RHs, while late endosomal marker mCherry-RabF2b did not. 

We measured also a maximum speed of moving GFP-RHD2 vesicular compartments and 

we received a range of 4 - 8 µm.s-1. This is well consistent with the measured dynamic 
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properties of early endosomal compartments carrying molecular markers GFP-RabA1d 

and YFP-VTI12 in RHs, which was in the range of 6 - 9 µm.s-1 (von Wangenheim et al., 

2016).  

The quantitative particle tracking analysis revealed a complex pattern of GFP-

RHD2 compartments distribution, both in movement and interactions with the PM. Based 

on data acquired, GFP-RHD2 compartments in growing RHs were divided into three 

different groups. The first group represented compartments moving to, and fusing with 

the apical PM. The proportion of this group was highest in early stages of RHs growth 

and corresponded with the largest area of apical PM containing accumulated fluorescence 

signal of the GFP-RHD2. The second group consisted GFP-RHD2 compartments moving 

only in the cytoplasm without any contact with the apical PM. They probably did not 

support GFP-RHD2 incorporation to the PM. The third group of compartments was 

particularly interesting, as they moved to and contacted the PM, while subsequently 

moved back to the cytoplasm. These events occurred mainly within the sub-apical zone 

of RHs and the number of these compartments proportionally increased in longer, rapidly 

growing RHs. GFP-RHD2-positive compartments behaving differently at the PM, and 

changes in their ratio typical for individual stages of RHs growth indicate that GFP-RHD2 

incorporation into the PM and/or recycling back may represent an important part of the 

regulatory mechanism driving RH tip growth. GFP-RHD2-positive compartments from 

individual groups showed also different dynamic properties, such as mean and maximum 

speed of movement. According to these results, we also measured dynamic properties of 

early endosomes/TGN and late endosomes in trichoblasts of the rhd2-1 mutant. Early 

endosomal/TGN compartments visualized by GFP-RabA1d marker had different 

dynamic properties in rhd2-1 mutant as compared to control line. This indicate that loss 

of AtRBOHC/RHD2 functionality affects early endosomal/TGN compartments only, 

supporting their crucial role in RH formation and growth. Overall, our data from live-cell 

localization and quantitative microscopy clarified the pattern how dynamic vesicular 

compartments positive to GFP-RHD2 are delivered to the cortical cytoplasm and the clear 

zone of RHs. We provide an experimental proof that the AtRBOHC/RHD2 plays 

supportive role in the maintenance of apical PM domains in bulges and tip-growing RHs 

in Arabidopsis. 

The delivery of GFP-RHD2 in motile compartments with to the growing apex of 

bulges and RHs requires physical interactions with the PM. In order to characterize the 

role of PM structural organization in GFP-RHD2 incorporation, we tested a possible role 
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of structural sterols, integral components of the PM. We treated plants with filipin III, a 

polyene antibiotic fluorochrome suitable as a vital probe for in vivo sterol localization in 

animal (Nichols et al., 2001), yeast (Wachtler et al., 2003), and plant cells (Grebe et al., 

2003; Boutté et al., 2009; Liu et al., 2009; Bonneau et al., 2010). The sequestration of 

structural sterols in a physiologically high concentrations of filipin III or its prolonged 

exposure cause the formation of filipin-sterol complexes at the PM and a rapid arrest of 

RH tip growth (Milhaud et al., 1988; Bonneau et al., 2010; Ovečka et al., 2010). Filipin 

III application (10 µg.µl-1) caused labelling of the PM, and although GFP-RHD2 showed 

a residual signal at the PM, its majority was accumulated just beneath the PM. Filipin III 

at higher concentrations promote the formation of filipin III - sterol complexes, disrupting 

PM structural and physiological functions. Formation of a layer-like aggregates of GFP-

RHD2 beneath the PM suggests that GFP-RHD2 was prevented from incorporating into 

the PM due to sterol sequestration. In addition, the depletion of GFP-RHD2 

compartments from the clear zone of treated RHs might indicate that recycling from the 

PM was also inhibited after filipin III treatment. It has been proven that the appearance 

of filipin-sterol complexes at the PM was immediately connected with PM rigidification. 

It triggered ion leakage, extracellular pH alkalization, and changes in signalling, which 

depends on protein kinase-mediated phosphorylation (Bonneau et al., 2010). The link 

between structural sterols at the PM and RH formation might be mediated by a regulatory 

role of Rho of plants (ROPs; Denninger et al., 2019) that activate RHD2 during RH tip 

growth (Carol et al., 2005). Transient S-acylation causes ROPs activation, which is 

required for their functionality and stabilizes their interaction with the PM and 

accumulation in lipid rafts (Sorek et al., 2007, 2011). Another experiment with auxinole, 

a compound arresting independently RH tip growth, led to a different GFP-RHD2 

distribution pattern, suggesting a specific role of structural sterols in GFP-RHD2 

interactions with the PM. In conclusion, this observation indicates that structural sterols 

might be involved in localized anchoring and maintenance of GFP-RHD2 in the apical 

PM, particularly at the apex of developing RHs.  

However, the detailed molecular mechanism of the whole process is still not clear. 

Future possibilities are in the use of super-resolution microscopy for detailed 

visualization and structural analysis of PM after filipin III treatment. Another task is 

related to a question, whether RHD2 is activated only after incorporating to the PM or is 

able to generate ROS already in the dynamic vesicular compartments. Remaining is also 

a clarification and identification of specific superoxide dismutase, which is involved in 
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conversion of superoxide to H2O2 in the apoplast of growing RHs. Superoxide in the 

apoplast is generated by AtRBOHC/RHD2 (Mangano et al., 2017). 

Seminal parts of the thesis are based on cell biological approaches and utilization 

of advanced microscopy methods. Some of them, such as LSFM (Weber and Huisken, 

2011; Stelzer, 2015) and Airyscan CLSM (Sheppard et al., 2013) were applied in original 

and unique experiments with living plant samples. Therefore, an appropriate way for 

preparation of living plants for microscopy may represent a challenge. The development 

and adaptations of appropriate protocols for plant sample preparation, at least for long-

term imaging by LSFM (Ovečka et al., 2015) was an integral part of the thesis as well. 
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1. Abstract 

Root hair (RH) tip growth represents an excellent model of polar apical cell expansion in 

plants. RHs play important functions in anchoring plants in soil, increasing root absorption surface 

for water a nutrient uptake, and interactions with microbes. The process of RH initiation and root hair 

tip growth maintenance is a complex process. It requires polarization of the cytoskeleton, membrane 

trafficking, and localized cell wall deposition at the RH initiation side of the trichoblasts. The current 

knowledge linked to the process of RH formation and tip growth is summarized in the theoretical part 

of the thesis. The main topic of the thesis was thorough characterization of two different Arabidopsis 

thaliana mutants (der1-3 and rhd2-1), that are defective in RH tip growth.  

The mutant der1-3 (deformed root hairs 1) possess a single-point mutation in the ACTIN2 

gene. Product of this gene, ACTIN2, is the most abundant vegetative actin isovariant, and is required 

for RH tip growth. Based on this fact, der1-3 mutant was identified according to its RH phenotype. 

Our thorough plant phenotyping, tissue patterning, and subcellular localization analyses revealed that 

this mutation in the ACT2 gene has deeper effects on plant growth and development, which has not 

known before. Moreover, we found that der1-3 mutant is more resistant to mild and severe oxidative 

stress. This was demonstrated by better growth parameters, enhanced preservation of actin dynamics, 

and more effective biochemical protection of the mutant in stress conditions.  These data supported 

better understanding of the actin cytoskeleton roles not only in plant growth and development, but 

also in plant reactions to oxidative stress, which is promising for potential future agricultural and 

biotechnological applications. 

NADPH oxidase type C in A.thaliana, annotated as respiratory burst oxidase homolog protein 

C/ROOT HAIR-DEFECTIVE 2 (AtRBOHC/RHD2), is localized at the apical plasma membrane 

(PM) of growing RHs where generates reactive oxygen species (ROS), indispensable for the 

maintenance of the RH tip growth. Single point mutation in RBOHC/RHD2 gene generates mutant 

rhd2 (root hair defective 2) with RH phenotype. We characterised in detail the spatiotemporal pattern 

and mechanism of the AtRBOHC/RHD2 subcellular delivery to the PM during RH formation. 

Quantitative microscopy, single particle tracking, and subcellular colocalization analyses using 

different advanced microscopic methods demonstrated the complex nature of AtRBOHC/RHD2 

delivery, maintenance, and recycling at the apical PM during RH formation in Arabidopsis.  

Novel data presented in the thesis were received by utilization of advanced microscopy 

methods for fast image acquisition (spinning disk confocal microscopy), near environmental 

developmental imaging (light-sheet fluorescence microscopy), and super-resolution (Airyscan 

confocal laser scanning microscopy). Combining lower value of phototoxicity, enhanced resolution, 

and faster imaging speed with longer observation allowed study of living plants in almost natural 

conditions, bringing physiologically relevant results. 
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2. Aims of the thesis 

• Summary of the recent knowledge on polar growth of plant cells (especially on root hair 

growth) and its regulation at molecular and cellular levels, in particular the proportion of 

vesicular transport, cytoskeleton and signalling of reactive oxygen species (ROS). 

• Optimization of cultivation conditions; test of different types, quality, composition and 

mechanic properties of cultivation media and conditions for long-term experiments of 

continuous primary root growth and root hairs development under the physiological 

conditions. 

• Preparation of transgenic plants with control or mutant genotype (carrying genetically encoded 

markers for actin cytoskeleton, vesicular transport, and NADPH oxidase) by crossing or 

transformation and their subsequent selection and genotyping. 

• Microscopic study of structural and dynamic parameters of the cytoskeleton and endosomal 

compartments during root hair development in living transgenic plants.  

• Qualitative and quantitative evaluations of mutant root hair growth with fluorescence markers 

expression and observation of interactions between plasma membrane, endosomal 

compartments, and cytoskeleton during individual stages of root hair tip growth. 
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3.   PART I - General introduction 

3.1 Introduction to the structure and function of Arabidopsis thaliana root hairs 

Plants of A. thaliana as model organism is widely used in all fields of plant biology, mainly 

because their individual organs generally have a small number of cell layers, and therefore one can 

observe them microscopically as a whole without the need to prepare anatomical sections (Boerjan et 

al., 1992; Koornneef and Meinke 2010). The Arabidopsis root system consists of primary root, lateral 

roots and root hairs (RHs). RHs are lateral tubular extension of the basal side of the root epidermal 

cells called trichoblasts. They are involved in anchoring the plant, considerably increase root surface 

area and help with water and mineral ions uptake from the soil, and in interaction with microbes. Their 

position at the root surface, simple structure, and fast growth enable easy visualization and 

manipulation during experiments. On the other hand, RHs are not essential for plant survival, allowing 

the isolation and analysis different types of mutant plants, that have RH-specific alternations in 

structure, function, and development (Carol and Dolan, 2002; Grierson and Schiefelbein, 2002). 

3.2 Sub-cellular organization and polarity of root hairs 

 RHs are a typical model of polar growth in higher plants such as pollen tubes. RH tip 

elongation is supported by proper organization of polarized cytoplasm, rapid exocytosis, endocytosis, 

and vesicle recycling, cell wall biosynthesis, and an incorporation of membrane material at the tip 

(Fig. 1; Dolan et al., 1994; Foreman and Dolan, 2001). Endocytic and exocytic vesicles are transported 

along actin filaments (AFs) in a so called “reverse fountain” type of streaming (Ovečka et al., 2005; 

Balcerowicz et al., 2015). AFs are localized between secretory vesicles in the apical part of RH, where 

they form bundles. Bundles of AFs are oriented parallel to the longitudinal axis of the RH. 

Microtubules (MT) have also the same orientation as the AFs, but MT are located at the cell cortex 

directly under the PM and they are important for controlling of RH growth direction (Galway et al., 

1997; Era et al., 2009; Balcerowicz et al., 2015). Most other RH organelles do not reach the apex, but 

they are in the shank region (Ridge et al., 1999). 

The major signal mechanism indispensable for the polar RH growth is a tip-focused gradient 

of Ca2+ in the cytosol (yellow gradient in Fig. 1), which regulates the activity of vesicular trafficking, 

generation of reactive oxygen species (ROS), and organization of the cytoskeleton in growing tip. 

Ca2+- permeable ion channels (green rectangle in Fig. 1) are localized at the apical PM (Miedema et 

al., 2008). ROS (yellow gradient in Fig. 1) are required for RH growth and they are generated by 

NADPH oxidase encoded by AtrbohC/RHD2 gene. RHD2 is localized in apical part of root hair PM 

(yellow rhombus in Fig. 1). This ROS production is regulated by ROP GTPases (blue triangle in Fig. 

1; Foreman et al., 2003). RHD2, ROS, and Ca2+ are interconnected by a positive feedback mechanism, 

which determines RH polarity and its tip growth (Carol et al., 2005, Takeda et al., 2008). 
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Figure 1: Schematic cytoarchitecture of growing root hair tip. Tip-focused vesicles are formed from exocytotic 

and endocytotic vesicles (in apex and sub-apical zone), which are transported by actin cables (green). 

Microtubules cables (red) control the growth direction of RH. Also, NADPH oxidase (RHD2), ROP proteins 

and Ca2+- permeable ion channels are localized at the RH tip. All of this together creates a tip-focused calcium 

and ROS gradient (yellow gradient). The remaining organelles are located in shank region of RH. Adapted 

from Balcerowicz et al., 2015. 

3.3 Essential factors influencing the polar tip growth of root hairs 

3.3.1 Organization and dynamics of the endomembrane system 

Endomembrane transport is ensured by vesicles than move between membrane-bound 

organelles (i.e. the endoplasmic reticulum-ER, Golgi apparatus-GA, the trans-Golgi network-TGN, 

multivesicular endosomes/bodies-MVB, lysosomes/vacuoles/pre-vacuolar compartments-PVC and 

the plasma membrane-PM) in eukaryotic cells (Baluška et al., 2002; Ito and Uemura, 2022). Although 

plant cells have a rigid cell wall and high turgor pressure, their endocytotic activity is very dynamic 

(Hawes et al., 1995; Baluška et al., 2002; Šamaj et al., 2004). Generation, targeted transport, and 

fusion of vesicles are essential processes also for development and polar tip growth of RHs. The apical 

zone of growing RH is enriched of with secretory (exocytotic), endocytic, and recycling vesicles, 

balancing fine equilibrium of macromolecule supply, retrieval, and recycling mainly materials for 

growing PM and cell wall (Šamaj et al., 2006; Campanoni and Blatt, 2007).  The exocytosis 

(secretion) by the vesicles fusing with the PM deliver the cargo outside of the cell. The endocytosis 

support movement of cargo molecules from PM into the cell. Moreover, it supports also the recycling 

of the PM and the cell wall material, and the uptake of signalling molecules for further degradation 

(Šamaj et al., 2005). These two pathways are very closely linked during polar tip growth of RHs. The 

process of exocytosis is controlled by many important proteins including Rop-GTPases that regulate 

actin cytoskeleton. For example, ROP2 is localized in the apical part of the growing RH and serves as 

their positive regulator. ARFs (ADP-ribosyl factors) mediate the formation of vesicles on the donor 

membrane and group of Rab GTPases are responsible for the vesicle fusion with the target membrane 

(Campanoni and Blatt, 2007; Kang et al., 2017). Rab GTPases are also the main regulators of 

endocytotic pathway and belong to Ras GTPase superfamily. They exist in two stages: GTP-bound 

„active” and GDP-bound „inactive” form. Activation of Rab GTPase is caused by exchange of GDP 

for GTP, which is catalyzed by GEFs (GUANINE NUCLEOTIDE EXCHANGE FACTORs; Zerial 
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et al. 2001; Grosshans et al. 2006). In Arabidopsis genome has been identified 57 RAB genes. Their 

products are divided into 8 groups (Rab1/RabD, Rab5/RabF, Rab6/RabH, Rab7/RabG, Rab8/RabE, 

Rab11/RabA, Rab2/RabB and Rab18/RabC). Each of them has different subcellular localization and 

marks different membranes of the endomembrane system (Pereira-Leal et al., 2001; Rutherford et al., 

2002; Ueda et al., 2002; Woollard et al., 2008). The second most important regulators are SNARE 

(Soluble N-ETHYLMALEIMIDE-SENSITIVE FACTOR ATTACHMENT PROTEIN 

RECEPTORS) proteins. Their play a key role in regulation of fusion between the transport 

intermediate vesicles and its target membrane. Intermediate vesicles contain R-SNARE (or vesicles 

v-SNAREs) proteins and Q-SNARE (target t-SNAREs) proteins are in the membrane of target 

compartment (Fasshauer et al. 1998; Ito and Uemura, 2022). Other most important regulators are other 

small GTPases, called Rho GTPases, which control structure, rearrangements and dynamic properties 

of F-actin cytoskeleton (Yang, 2002).  

3.3.2 Structural sterols and lipid rafts 

Plants structural sterols are an indispensable part of biological membranes and they are derived 

from isoprenoids. The most common plant sterols are β-sitosterol, stigmasterol a campesterol. 

Structural sterols interact with membrane phospholipids and sphingolipids, which is essential for 

modulation of membrane fluidity and permeability (Clouse, 2002; Ovečka et al., 2010; Valitova et 

al., 2016). Structural sterols are locally accumulated in the PM of future site of the RH formation in 

the trichoblast. The PM-specific sterol accumulation is an early indicator of the initiation site of RH. 

This accumulation was documented also in the „bulge” and in apical part of growing RHs. The relation 

of this specific structural sterols accumulation to the tip growth was approved by the observation that 

this gradient disappears, when the RHs terminate the tip growth. (Ovečka et al., 2010). The other 

earliest markers of RH initiation on trichoblasts are small GTPases ROP2 and ROP4 (Molendijk et 

al., 2001; Jones et al., 2002). It has been shown that the activation-dependent acylation of ROPs and 

their consequent partitioning in „lipid rafts” could play a central role during the establishment of 

polarity in plants (Sorek et al., 2007). Structural sterols regulate vesicular trafficking, signalling, 

protein localization in membranes and selecting exo- and endocytic cargo molecules (Menon, 2002; 

Lindsey et al., 2003), particularly in tip-growing RHs (Ovečka et al., 2010) and pollen tubes (Liu et 

al., 2009).  

3.3.3 Reactive oxygen species  

Reactive oxygen species (ROS) are modified forms of atmospheric oxygen. ROS have dual 

role in plants biology. They are present mainly as toxic by-products originating from aerobic 

metabolism or they can be accumulated after exposure to environmental stresses. These ROS has 

strong ability to react with proteins, lipids or nucleic acids and cause serious damage to these 

biomacromolecules (Singh et al., 2016). However, ROS also serve as signalling molecules. Since 

ROS are very small molecules, they can pass through the membranes (Overmyer et al., 2003; Mittler, 

2017). As signalling molecules, they regulate numerous plant developmental processes, including cell 

proliferation and differentiation, programmed cell death, seed germination, gravitropism, RH and 

pollen tube growth (Singh et al., 2016). ROS can be generated inside the cell (intracellularly) or in 

apoplast (extracellularly). Intracellular ROS in growing RHs originates mainly from mitochondria, 

peroxisomes and from cytosolic reaction mediated by ER. The main producer of apoplastic ROS are 
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NADPH oxidases (NOX), which are located at the PM. The other producers of apoplastic ROS are 

cell wall peroxidases and amino-oxidases (Qi et al., 2017). Plants NADPH oxidases are encoded by 

RESPIRATORY BURST OXIDASE HOMOLOG (RBOH; Sagi and Fluhr, 2006) genes. In A. thaliana, 

there is 10 type of AtRBOHs (AtRBOHA-J) produced, and the functions of most of them are well 

described. Preferentially in the root RBOHB, RBOHC, RBOHG members are present, nevertheless 

RBOHD, RBOHE a RBOHF also play a role in growth of the main root and lateral roots. RBOHH 

and RBOHJ are important for growth of pollen tubes (Mhamdi and Van Breusegem, 2018). It has 

been shown, that NADPH oxidases activity is connected to structural sterols in the membranes. 

Proteomic studies identified NADPH oxidases NtRBOHD, StRBOHB, and AtRBOHB with other PM 

proteins enriched in the detergent-resistant membrane fraction of suspension cells (Morel et al., 2006; 

Srivastava et al., 2013). In parallel, subcellular visualization revealed AtRBOHD localization to the 

PM and dynamic spots in the cells and its endocytosis via membrane microdomains can be induced 

by salt stress (Hao et al., 2014). 

3.3.4 Cytoskeleton 

The plant cytoskeleton consists of MTs, AFs, and associated proteins that are involved in 

intracellular processes and facilitates their reorganization. MTs and AFs together form a flexible 

network, which mainly participate on cell growth, morphogenesis and polarity (Foreman and Dolan, 

2001; Sampathkumar, 2011). Furthermore, it is also important for cell division, vesicular trafficking, 

migration of organelles and signalling (Fu et al., 2005; Goode et al., 2000). MTs are hollow tubules 

from tubulin heterodimers of one α- and one β-tubulin polypeptides. Both tubulin subunits have a 

molecular weight of 55 kDa. (Goddard et al., 1994; Lloyd and Chan, 2004). The genome of A. thaliana 

encodes 6 isoforms of α-tubulin, designated AtTUA1-AtTUA6 (Kopczak et al., 1992), 9 isoforms of 

β-tubulin, designed as AtTUB1-AtTUB9 (Snustad et al., 1992), and 2 isoforms γ- tubulins, which are 

functionally redundant (Liu et al., 1994). RHs have two independent networks of MTs (CMTs - 

cortical microtubules; EMTs - endoplasmic microtubules). CMTs are present along the entire length 

of the RHs and EMTs are inside the RHs and interconnect nuclei with RH tips (Foreman and Dolan, 

2001; Sieberer et al., 2002, 2005). Depolymerization of MTs by oryzalin or MTs stabilization by taxol 

showed that RHs continue their growth without a significant drop in growth rate, but with a wavy 

pattern. This proves that MTs control RHs growth direction, but they are dispensable for tip growth 

of RHs (Bibikova et al., 1997, 1999; Ketelaar et al., 2002). 

AF has the shape of a double helix, which is formed by globular actin subunits (G-actins; 

Staiger, 2000). AFs are important in many cellular processes (which was mentioned before), but also 

have important functions in signalling events triggered by diverse external stimuli and their 

remodelling is part of abiotic and biotic stress response mechanisms in plants (Zhou et al., 2010). 

Actin dynamic is regulated by actin biding proteins (ABP), which have a different distribution in the 

cells (Ramachandran et al., 2000). The A. thalina genome encodes vegetative class of actins, which 

is typically expressed in all vegetative tissues, possess 3 actin genes (ACT2, ACT7 and ACT8). The 

second group of genes (reproductive class) are expressed mainly in pollen tubes and ovules and 

contains ACT1, ACT3, ACT4, ACT11 and ACT12 (Meagher et al., 1999; Kandasamy et al., 2007). 

Members of the vegetative and reproductive actin have different expression pattern and function, 

although they only have 4-7 % differences at the amino acid sequence level (Kandasamy et al., 2007). 

In RHs, actin cytoskeleton has more diverse structure in comparison to MTs (Higaki et al., 2006). RH 
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tips are enriched in vesicles, where AFs, among others, regulate vesicular trafficking, which is 

essential for tip growth. Interestingly, actin (+) plus ends are highly enriched in the apical dome of 

RHs (Vazquez et al., 2014). Different kinds of studies with actin disrupting drugs (such as 

cytochalasin D or latrunculin B) proved, that actin cytoskeleton is essential in both the process of RH 

initiation and proper RH tip growth (Braun et al., 1999; Pei et al., 2012).  

3.4. Selected root hairs mutants 

3.4.1 rhd2 mutant  

Only NADPH oxidase type C (AtRBOHC) is present in growing RHs. 

RBOHC, which is encoded by the RHD2 (ROOT HAIR DEFECTIVE2) gene locus, 

is localized at the apical PM in RH. Loss-of-function mutations in the 

AtRBOHC/RHD2 locus in rhd2 mutants resulted in short RHs (Fig. 2). Therefore, 

absent RHD2 means, that gradients of ROS and Ca2+ ions in the apical zone of RHs 

is not generated (Schiefelbein and Somerville, 1990; Foreman et al., 2003). The 

application of external ROS or pH alkalization has ability partially rescue the polar 

tip growth of RHs in rhd2 mutant, due to renewed activity of Ca2+ channels in the 

PM (Monshausen et al., 2007). The same short RH phenotype was achieved by the 

NADPH oxidases inhibitor application (diphenyleneiodonium; DPI) in wild-type 

plants, which disrupted ROS production at the apex of growing RHs (Foreman et 

al., 2003). These studies confirm, that the interplay between RBOHC/RHD2 

activity, accumulation of ROS and Ca2+ ions are essential for the polar RH tip growth (Foreman et al., 

2003; Carol et al., 2005). RBOHC activation involves ROP ("Rho of plants") GTPases, namely ROP2, 

ROP4 and ROP6, and they are transported already to the future RH initiation site in trichoblasts with 

the involvement of RopGEF3 factors (Carol et al., 2005; Denninger et al., 2019). The transformation 

of rhd2 mutant with GFP:RHD2 construct driven under the native promotor fully rescued its short 

RH phenotype. Tissue- and cell type-specific localization studies of GFP-RHD2 lines showed, that 

signal is particularly prominent in trichoblasts and accumulate at the bulges and apices of growing 

RHs (Takeda et al., 2008). 

3.4.2 der1-3 mutant 

The essential role of ACT2 for proper RH tip growth has been proven by 

genetic approaches using either chemically-induced single-point mutations (Ringli 

et al., 2002) or insertional knockout mutations (Gilliland et al., 2002). Varying 

degrees of the short RH phenotype were shown by three der1 (deformed root hairs) 

allelic mutants, isolated after EMS (ethyl methanesulphonate) mutagenesis in the 

C24 ecotype background. The strongest effect on RHs growth was described in der1-

2 and der1-3 mutants (Fig. 3; Ringli et al., 2002). Surprisingly, the ACTIN2 

expression level is not affected by single point mutation in DER1 locus (Ringli et 

al., 2002). Other mutations in the ACT2 gene also showed a defect in the growth of 

RHs, but they have accumulated also other types of phenotypic changes. For 

example, act2-2D mutant (EMS mutagenesis in Ler background) has trichoblasts 

without any bulges and has shorter AF bundles as comparing to wild type (Nishimura et al., 2003).  
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T-DNA insertional loss-of-function mutants in ACT2 gene, act2-1 (Gilliland et al., 2002) and act2-3 

(Nishimura et al., 2003) do not show defects in RH initiation, but their RHs are shorter than those of 

wild-type plants (Gilliland et al., 2002; Nishimura et al., 2003). Studies based on mutagenesis of genes 

for vegetative actins revealed that ACT7 is involved in root growth, epidermal cell specification, cell 

division and root architecture, while ACT2 and ACT8 are essential for RH tip growth (Gilliland et 

al., 1998). 

3.4 Conventional and advanced microscopy techniques and quantitative analyses 

Microscopy is analytical instrumental technique for imaging of different organisms, including 

plants, at the supra-cellular, cellular, and sub-cellular levels. Advances of microscopy techniques 

combining wide-field light microscopy, multispectral fluorescent microscopy, up to sub-diffraction 

super-resolution microscopy have made it possible to observe the organization and dynamics of cells; 

and most of the organelles and subcellular compartments in cells of living plants down to the 

nanoscale (Komis et al., 2018). After development of fluorescent recombinant proteins technology 

(such as GFP, YFP, RFP and other), fluorescence microscopy exploded in further development. 

Traditionally, the most frequently used are techniques of confocal laser scanning microscopy (CLSM) 

and spinning-disk microscopy (SD) that were among the first techniques capturing cells localized 

mostly on the surface of living or fixed plant samples (Berthet and Maizel, 2016).  

Plants are very sensitive to changes in external environmental conditions. Therefore, the live-

cell imaging by conventional microscopy methods with traditional sample preparation approaches 

may often generate some artefacts. This is mainly caused by enclosing plants to small observation 

chambers that are exposed to high laser light intensity, which often leads to temperature and photo-

oxidation far from ideal (Reddy et al., 2007). Hence, a compromise between achieving conditions 

allowing the observation of biological processes at the appropriate spatial and temporal resolution and 

maintaining conditions as close to natural as possible for the sample is a goal of advanced microscopic 

methods in live cell imaging (Stelzer, 2015). The presented thesis was elaborated by utilization of 

several microscopy methods. From conventional microscopy, was used confocal laser scanning 

microscope (CLSM), which is the best for fixed specimens (Wright et al., 1993; Mauko et al., 2009); 

and spinning-disk microscope (SD) is the most useable for very dynamic processes in living cells 

(Wang et al., 2005; Stehbens et al., 2012). From advanced microscopy methods were used Airyscan 

confocal laser scanning microscope (ACLSM), which is high-resolution method for improved 

dynamic live-cell imaging (Sivaguru et al., 2016); and light-sheet fluorescence microscope (LSFM) 

is well suited for long-term live-cell imaging (Reynaud et al., 2015; Stelzer, 2015).   

Obtained images from microscopic methods is not the last step in the evaluation procedure. 

Firstly, follows deconvolution process and then various quantitative analyses (such as orientation and 

structure of cytoskeleton, single-particle tracking, fluorescence intensities, dynamic properties, and 

many others). In conclusion, the combination of these analyses will give us a comprehensive view of 

the qualitative and quantitative properties of processes in living cells.  
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4. PART II - Single-point ACT2 gene mutation in the Arabidopsis root hair mutant 

der1-3 affects overall actin organization, root growth and plant development 

4.1. Material and Methods 

Used material and methods are briefly introduced here. All detailed information is described 

in the Ph.D. thesis. 

 For this study were used C24 control and der1-3 mutant (Ringli et al., 2002) plants and their 

transgenic lines expressing 35S::GFP:FABD2 or 35S::GFP:MBD construct. Transgenic lines were 

prepared by transformation A. thaliana plants using A. tumefaciens. All lines were phenotypically 

analysed and their developmental and growth parameters were measured. Pictures from a scanner 

(Image Scanner III, EpsonScan) were used for measurements of primary root length. Phenotypes of 

18-days old plants in vitro, rosettes of 19-days old plants growing in vivo and the sizes of individual 

leaves were documented using a Nikon 7000 camera equipped with macro-objective (50 mm, 2.8; 

Sigma). The phenotypes of entire roots and root tips of 5-days old plants in vitro were recorded with 

an M165FC stereo microscope equipped with LAS V 4.0 software (Leica). 

 The wavy root pattern of der1-3 mutant were analysed by FM4-64 staining of root tips and 

live-cell imaging of transgenic C24 GFP-FABD2 and der1-3 GFP-FABD2 lines using two different 

microscopic methods. Roots, from 3-days old plants, stained by FM4-64 dye, were observed by the 

spinning-disk fluorescence microscope (Cell Observer Z.1; Carl Zeiss, Germany) equipped with an 

EC Plan-Neofluar 40x/1.3 NA and Plan-Apochromat 63x/1.4 NA oil immersion objectives. Actin 

cytoskeleton structure of C24 GFP-FABD2 and der1-3 GFP-FABD2 lines were observed using light-

sheet Z.1 fluorescence microscope (LSFM; Carl Zeiss, Germany) equipped with a W Plan-

Apochromat 20x/1.0 NA water immersion detection objective and two LSFM 10x/0.2 NA 

illumination objectives. Samples were prepared according to Ovečka et al., 2015 protocol. The 

angular positioning of cross-walls with respect to the root axis (quantification of CDP orientation) 

was measured on microscopic images of root cells labelled with FM4-64. The data obtained were 

divided into three categories according to the recorded angles: cross-walls at right angles (90° ± 5 %), 

cross-walls at acute angles (<85°) and cross-walls with obtuse angles (>95°). 

 Differences in actin structure and orientation were done by phalloidin staining in fixed plants 

and live-cell imaging of transgenic C24 GFP-FABD2 and der1-3 GFP-FABD2 lines. Phalloidin 

staining samples were observed by confocal laser scanning microscope (LSM 710; Carl Zeiss, 

Germany) equipped with a Plan-Apochromat 40x/1.4 numerical aperture (NA) oil immersion 

objective. Analyses of MTs structure and orientation were performed using the immuno-labelling of 

MTs in root tips and live-cell imaging of transgenic C24 GFP-MBD and der1-3 GFP-MBD lines by 

confocal laser scanning or spinning-disk microscope (type of microscopes was mentioned before). 

Quantitative analysis of AFs and MTs angular distribution was done with CytoSpectre Version 1.2 

software using the cell axis as a reference (Kartasalo et al., 2015). 

All graphical plots were prepared in Microsoft Excel software and statistical analyses were 

done using STATISTICA 12 (StatSoft) software using analysis of variance (ANOVA) and subsequent 

Fisher’s LSD tests (p < 0.05). Microscopic data were processed and evaluated in Zen 2014 software, 

black and blue editions (Carl Zeiss, Germany).  
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4.2 Results 

4.2.1 Developmental, growth parameters and phenotype of der1-3 mutant 

The der1-3 mutant was isolated for its short RH phenotype and no other phenotypic changes 

have been reported (Ringlli et al., 2002, 2005). We confirmed, that RH of the der1-3 mutant were 

much shorter than in the C24 wild-type (Fig. 4A, B). Our phenotypic studies comprised seed 

germination test, evaluation of the root growth rate of young seedlings and biomass quantification in 

more advanced plants of C24 and der1-3 mutant under in vitro and in vivo conditions. Survival and 

progress of early plant growth and development are highly dependent on the efficiency and speed of 

seed germination. Importantly, within the first 24 h after placing of seeds in the growing chamber, 95 

± 0.05 % of the C24 wild-type seeds germinated, while only 55 ± 0.05 % of der1-3 mutant seeds 

started germination in same time period (Fig. 4E). Size comparison of 18-days old entire plants 

revealed visually smaller green aerial parts (Fig. 4C, D) and a less developed root system (Fig. 4D) 

of der1 mutants.  However, measurement of average root growth per 24 h measured within the first 5 

days after germination, with no significant difference between control and mutant plants (Fig. 4F). 

Then, we measured the biomass of leaves and roots. Shoot and root fresh weights of 19-days old plants 

cultured in vitro were significantly higher in the control C24 wild-type plants than in the der1-3 mutant 

(Fig. 4K). Nevertheless, average fresh weight of all true leaves (Fig. 4L), average leaf area (Fig. 4M), 

size of leaf rosettes (Fig. 4G, H) and size of individual leaves (Fig. 4I, J) in plants cultured in vivo 

suggested that the reduced development of the der1-3 mutant might not be related to delay in 

germination. This suggestion was supported by the higher average number of leaves in 19-days old 

der1-3 mutant plants (Fig. 4N), which may functionally compensate for the suppressed development 

of green aerial part. 

Further, C24 wild-type had primary roots developed in a straight direction along a longitudinal 

vector (Fig. 5A), but primary roots of der1-3 mutant showed a more irregular and wavy growth pattern 

(Fig. 5B). C24 and der1-3 seedlings stably expressing a 35S::GFP-FABD2 marker were used for AF 

organization analyses in the apex of the primary roots. In order to maintain intact living plants in near-

environmental conditions and avoid any artefacts in the speed and directionality of root growth 

induced by prolonged irradiation during imaging, we utilized light-sheet microscopy. The actin 

cytoskeleton was visualized in cells of the whole root apex of transgenic C24 (Fig. 5C) and der1-3 

mutant (Fig. 5F) plants. Detailed images of the root apex revealed boundaries between individual 

cells at their cross-walls in cell files. The planes of these cross-walls in non-dividing cells 

corresponded to CDP orientation during cell division. Cross-walls between individual cells were 

predominantly transverse in cell files of C24 control (Fig. 5C, E). In contrast, many cross-walls were 

obliquely oriented in cell files of der1-3 mutant root (Fig. 5D, F). Roots of C24 and der1-3 mutant 

plants stained with FM4-64 and examined by spinning-disk fluorescence microscopy used as the 

different method to quantify differences in cross-wall orientation. This method confirmed, that C24 

wild-type root contained mostly perpendicular oriented cross-walls (Fig. 5G), compared to more 

frequent oblique orientation of the cross-walls in cell files of der1-3 mutant roots (Fig. 5H). 

Quantitative evaluation of cross wall orientations was measured in angle (see material and methods). 
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Figure 4. Growth parameters and phenotype of C24 wild-type and der1-3 mutant plants. (A, B) Mature 

part of the root of 5-days old seedlings showing normal long RHs in C24 wild-type (A, arrows) and much 

shorter RHs in der1-3 mutant (B, arrows). Size and phenotype of above grown parts (C) and entire plants (D) 

18-days old cultivated on Phytagel-solidified culture medium in vitro. (E) Average germination rate within first 

24 h (n=40). (F) Average root growth per 24 h of plants cultivated in vitro within the first 5 days after 

germination (n=16). (G-J) Comparison of leaf rosettes and individual true leaves in 19-days old plants 

cultivated in pots in vivo. Size of the leaf rosette in C24 wild-type (G) and der1-3 mutant (H) plants. Number 

and size of individual true leaves in C24 wild-type (I) and der1-3 mutant (J) plants. (K) Average fresh weight 

of shoots and roots of 19-days old C24 wild-type and der1-3 mutant plants cultivated in vitro. Shoots and roots 

were collected separately from 10 plants and weighted together. Experiment was repeated three times. (L-N) 

Quantitative parameters of shoots of 19-days old C24 wild-type and der1-3 mutant plants cultivated in pots in 

vivo (n=3). Analysed were fresh weight of above grown plant parts (L), total area of true leaves per plant (M) 

and number of true leaves per plant (N). Different letters above the bars represent statistical significance 

according to one-way ANOVA test and subsequent LSD test at p value < 0.05. Scale bars = 100 µm (A, B). 

Adapted from Vaškebová et al., 2018. 
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 Figure 5. Phenotype of the root system, pattern of the root growth and quantitative evaluation of cross 

wall orientations in C24 wild-type and der1-3 mutant plants. Morphology of the root system of 8-days old 

seedlings of C24 wild-type (A) and der1-3 mutant (B) cultivated in vitro. (C-F) Light-sheet fluorescence 

microscopy imaging of transgenic GFP-FABD2 lines. Overview of the C24 GFP-FABD2 (C) and der1-3 GFP-

FABD2 mutant (D) root apex. Detailed images of cell files in the root apex of C24 (E, magnified inset from 

C) and der1-3 mutant (F, magnified inset from D) harbouring GFP-FABD2 marker. Cell boundaries within the 

cells files at cross walls defining orientation of cell division planes during cell division are marked by arrows. 

(G, H) Vital labelling of root apices using fluorescent membrane marker FM4-64. Prominent labelling of the 

PM at the cross walls of C24 wild-type (G) and der1-3 mutant (H) root cells indicating orientation of cell 

division planes during cell division are marked by arrows and quantitatively evaluated in (I-L). Relative 

frequencies of angle distributions in cell files of epidermis and cortex of C24 wild-type and der1-3 mutant 

plants (I, J) and transgenic C24 GFP-FABD2 and der1-3 GFP-FABD2 plants (K, L). Experiments repeated 

three times with 10-17 cells from 3 plants per line. Scale bars = 400 µm (A, B), 20 µm (C, D, G, H), 5 µm (E, 

F). Adapted from Vaškebová et al., 2018. 

Data were collected from cells in cell files of root epidermis and cortex. To exclude the possible 

influence of GFP-FABD2 overexpression on CDP orientation, the same measurements were done in 

both transgenic (Fig. 5K, L) and non-transformed C24 and der1-3 seedlings (Fig. 5I, J). CDP 
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orientation measurements of transgenic plants were similar to FM4-64 data. These results clearly 

indicate that the wavy pattern of root growth in the der1-3 mutant is somehow related to alterations 

in CDP orientations during cell division in the root meristem. 

4.2.2 Structure and organization of actin filaments and microtubules of der1-3 mutant 

 We performed detailed qualitative and quantitative analyses of the actin cytoskeleton in the 

der1-3 mutant in order to see how the ACT2 mutation could be involved in the phenotypical and 

developmental changes of roots. The AFs were visualized in hypocotyls of fixed and fluorescent 

phalloidin-labelled 3-days old seedlings. This was followed by live-cell imaging in hypocotyl cell of 

transgenic lines expressing the GFP-FABD2 marker for AFs. These microscopic observations were 

supported by quantitative analysis of AF angular distribution in transverse (defined as perpendicular 

to the cell axis at an angle of 0° or 180°), longitudinal (parallel to the cell axis at an angle of 90° or 

270°) or random (angles between 0° and 180°) orientations (Kartasalo et al., 2015). Actin visualization 

using Alexa Fluor 488-phalloidin labelling in hypocotyl epidermal cells revealed the presence of long 

AFs and actin bundles, arranged mostly in longitudinal or slightly oblique orientations in C24 plants 

(Fig. 6A), which was confirmed by quantification of angular distribution of AFs in these cells (Fig. 

6B). In contrast, hypocotyl epidermal cells of the der1-3 mutant contained thinner and shorter AFs 

and actin bundles (Fig. 6C) and the angular distribution of AFs revealed more random AF orientation 

compared with the C24 control plants (Fig. 6D). Live-cell imaging of the actin cytoskeleton in 

epidermal hypocotyl cells of transgenic C24 GFP-FABD2 lines revealed actin bundles spanning these 

cells longitudinally as well as longitudinally, and obliquely oriented fine AFs forming a dense 

meshwork (Fig. 6E). Thus, quantification of angular distribution revealed a high degree of 

longitudinal orientation of AFs (Fig. 6F). The actin cytoskeleton in hypocotyl epidermal cells of the 

der1-3 GFP-FABD2 mutant consisted of very short AFs arranged in a random and loose network. In 

addition, thick and rather short actin cables were oriented preferentially in oblique orientation with 

respect to the longitudinal axis of the hypocotyl epidermal cells (Fig. 6G). Quantification of AF 

angularity confirmed random and oblique orientation of AFs (Fig. 6H). These data conclusively 

confirmed alterations in the organization of the actin cytoskeleton in hypocotyls cells of der1-3 mutant 

plants caused by mutation of ACT2.  

To provide a more complex overview of the cytoskeleton regulating phenotype of the der1-3 

mutant, we also characterized the organization of MTs. Cortical and mitotic MTs in root cells of C24 

wild-type and the der1-3 mutant were visualized in situ by immune-fluorescence localization using 

an anti-tubulin antibody. In addition, transgenic C24 and der1-3 mutant plants carrying the MT 

fluorescent marker GFP-MBD were used for live-cell imaging of MTs in root cells. The CDP is clearly 

defined by the positioning of the PPB during preprophase and prophase and by the orientation of the 

phragmoplast during telophase and subsequent cytokinesis Thus, we observed regular transverse 

orientation of the CDP in dividing root cells of the C24 wild-type (Fig. 7A). On the other hand, we 

observed frequent deviation of the CDP from its expected transverse orientation in root meristematic 

cells of the der1-3 mutant (Fig. 7B). Importantly, the organization of cortical (Fig. 7C) and mitotic 

(Fig. 7D) MTs in root epidermal cells of control C24 did not differ significantly from that in root 

epidermal cells of the der1-3 mutant, as revealed by live-cell imaging (Fig. 7E-G). Determination of 

the CDP was apparent in dividing cells of control C24, showing coordinated orientation of the PPB, 
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the equatorial plane of the mitotic spindle and the phragmoplast. All of these were transversely 

oriented to the axis of root cell files (Fig. 7D). On the other hand, the CDP orientation of the dividing 

cells was not so strictly determined in the der1-3 mutant as it was frequently observed in oblique 

orientation with respect to the axis of root cell files (Fig. 7F, G). Because quantitative analysis of 

cortical MT angular distribution in root epidermal cells of control C24 (Fig. 7H) and der1-3 mutant 

(Fig. 7I) did not reveal significant differences, we can conclude that the point mutation of ACT2 in 

the der1-3 mutant does not have a considerable influence on the organization of the MT cytoskeleton 

in root cells. 

Figure 6. Structure of the actin cytoskeleton in C24 wild-type and der1-3 mutant plants. Microscopic 

observations (A, C) and quantitative analysis of AF angular distribution (B, D) in hypocotyl epidermal cells of 

3-days old C24 wild-type and der1-3 mutant plants after phalloidin visualization of AFs. Microscopic 

observations (E, F) and quantitative analysis of AF angular distribution (G, H) in hypocotyl epidermal cells of 

3-days old transgenic C24 GFP-FABD2 and der1-3 GFP-FABD2 plants. Quantitative analysis of AF angular 

distribution was performed from three independent microscopy images of examined cell types from 3-5 plants 

of each line under study. Scale bars = 10 µm. Adapted from Vaškebová et al., 2018. 

4.3 Discussion 

We demonstrated using cellular analysis of the cytoskeleton and plant phenotyping, that the 

single-point mutation in the ACTIN2 gene had a more general influence on plant growth and 

development, as was thought before. The first novel developmental aspect revealed was delayed 

germination. Seeds of the der1-3 mutant germinated more slowly than those of the C24 ecotype. 

Although mutant roots were shorter, the root growth rate was not affected. The main difference, 

however, was found in fresh weight of roots and shoots. The root system of der1-3 mutant had a five-

time less weight than root system of C24 ecotype. Similarly, leaves of der1-3 mutant reached only 

half the weight of the C24 leaves. Though the leaf area of der1-3 mutant was smaller in comparison 

to C24 control leaves, the der1-3 mutant balanced it by higher number of leaves that was almost 20% 
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Figure 7. Structure of the microtubules in C24 wild-type and der1-3 mutant plants. Cortical and mitotic 

MTs in root cells of C24 wild-type (A) and der1-3 mutant (B) after immuno-fluorescence localization with 

anti-tubulin antibody. In dividing cells, position of PPBs in prophase cells is indicated by red arrowheads and 

by arrows in telophase cells by position of phragmoplast in telophase and during the cytokinesis is indicated 

by white arrowheads. Extended lines above arrowheads indicate orientation of CDP. DNA in nuclei is 

counterstained by DAPI. Microscopic documentation of cortical and mitotic MTs in root cells of living 

transgenic C24 GFP-MBD (C, D) and der1-3 GFP-MBD plants (E-G). Cortical MTs in root epidermal cells of 

C24 wild-type (C) and of der1-3 mutant (E). Mitotic MTs in dividing root epidermal cells of C24 wild-type 

(D) and der1-3 mutant (F, G). The white arrows show different mitotic stages (D, F, G). Quantitative analysis 

of cortical MT angular distribution in root epidermal cells of C24 wild-type (H, analysed MTs from C) and in 

root epidermal cells of der1-3 mutant (I, analysed MTs from E). Data from 4-5 cells of 5-6 plants. Scale bars 

= 5 µm. Adapted from Vaškebová et al., 2018.  

 

higher than that of C24 plants. The similar effect was shown in another mutant act7-1, with disrupted 

encoding of the vegetative ACTIN7. This mutant showed also 24 h delay in seed germination, but 

without any other differences in further growth and development (Gilliland et al., 2003).  

Another modification in growth detected was a wavy root pattern of der1-3 mutant. In order 

to find out the reason for this phenotype, we used two independent imaging methods, in particular 

FM4-64 PM staining in root cells and live-cell imaging of root actin cytoskeleton through GFP-

FABD2 fluorescence in transgenic lines by light-sheet microscopy. We found out that der1-3 mutant 

had higher number of shifted cell division plates (CDPs) in roots than C24 plants. It has already been 

described, that the MTs play a key role in determination of CDP during mitosis. They also associate 

with actin AFs during the formation of the PPB of MTs already in the pre-prophase and prophase 

stages of the cell division (Takeuchi et al., 2016). We confirmed this trend by immunostaining of 

MTs, together with live-cell imaging of GFP-MBD molecular marker, showing a higher number of 

tilted mitotic MTs arrays (PPBs, spindles, and phragmoplasts) in dividing root meristematic cells of 

the der1-3 mutant. Such a high frequency of MTs arrays tilting was not observed in control C24 plants. 

On the other hand, the measurements of cortical MTs angular distribution in root epidermal cells did 

not show any differences between der1-3 mutant and C24 control plants. It is obvious, that both MTs 
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and AFs play an important role in determination of the future side and orientation of CDP, but in 

different ways. This was supported by other studies, when reduced expression of ACT7, a gene 

encoding an actin isoform highly expressed during mitosis, led to defects in CDP orientation (Gilliland 

et al., 2003). Finally, actin cytoskeleton apparently plays relevant roles in cell division and in CDP 

determination in both asymmetrically and symmetrically dividing cells (Van Damme et al., 2007; 

Rasmussen et al., 2013; Kojo et al., 2013, 2014).  

After detailed microscopic analyses of actin cytoskeleton we found that AFs are shorter and 

thinner in cells of der1-3 mutant as compared to AFs in cells of control C24 plants. This was confirmed 

by two different methods: live-cell imaging of hypocotyl of GFP-FABD transgenic lines, and imaging 

of AFs in fixed samples after the Alexa-488-phalloidin staining of hypocotyl cells. Quantitative 

analysis of the orientation showed that in cells of C24 plants actin bundles were longitudinally 

oriented, while actin bundles in cells of the der1-3 mutant were mostly obliquely and sometimes 

transversely oriented. In general, plant cells contain individual AFs and actin bundles. The network 

of individual AFs is often randomly dispersed in the cortical cytoplasm and, although their high 

dynamicity, they have a shorter lifetime. The actin bundles are mostly oriented longitudinally along 

the cell’s longer axis, they are less dynamic, but have a longer lifetime (Henty- Ridilla et al., 2013). 

The changes in actin structure and orientation was described also in other mutants affected in the 

ACT2 gene, such as act2-2D and act2-5. Single-point mutation in the act2-2D mutant led to formation 

of shorter actin bundles in root epidermal cells, showing also defects in actin polymerization 

(Nishimura et al., 2003). T-DNA insertion mutant act2-5 have a modified pattern of actin cytoskeleton 

organization, where AFs are shorter and unbundled (Lanza et al., 2012). Altogether, our data clearly 

indicate that single-point mutation of the ACT2 gene in der1-3 mutant does not influence only the RH 

development, but affects also other developmental parameters of mutant plants, such as growth pattern 

of the roots and properties of the actin cytoskeleton in cells of the whole plants. 

 

 

 



21 
 

5. PART III - Single amino acid exchange in ACTIN2 confers increased tolerance 

to oxidative stress in Arabidopsis der1-3 mutant 

5.1 Material and Methods 

Herein, the plant material and methods used are summarized. All details are described in the 

Ph.D. thesis. 

 For this analyses were used C24 control and der1-3 mutant (Ringli et al., 2002) plants and 

their transgenic lines expressing 35S::GFP:FABD2 construct. Transgenic lines were prepared by 

transformation A. thaliana plants using A. tumefaciens. All lines grew on control ½ MS media without 

vitamins solidified with Gellan gum or media containing different oxidative stress factors. Oxidative 

stress was induced by adding three different concentrations of paraquat (0.1; 0.2 and 0.5 μmol.l-1 PQ), 

and four different concentrations of H2O2 (0.5; 1; 1.5 and 3 mmol.l-1) to the culture medium. Either 

seeds were planted directly on ½ MS media containing different concentrations of PQ, or 3-days old 

plants germinated on the control media were transferred to media containing different concentrations 

of PQ or H2O2. For root growth measurements, plants are scanned every 24 h by Image Scanner III, 

EpsonScan. Images documenting the phenotype of plants growing in plates were prepared with a 

Nikon 7000 camera equipped with a macro objective Sigma 50 mm (2.8 focal distance) in time points 

indicated in the corresponding figure captions.  

 Organization and dynamics of AFs, in control conditions and after oxidative stress treatment, 

were observed by live-cell imaging of transgenic C24 GFP-FABD2 and der1-3 GFP-FABD2 lines 

using spinning-disk fluorescence microscope (Cell Observer Z.1; Carl Zeiss, Germany) equipped with 

an EC Plan-Neofluar 40x/1.3 NA and Plan-Apochromat 63x/1.4 NA oil immersion objectives. 

 Biochemical analyses were done with the help of Tomáš Takáč. Lipid peroxidation was 

assayed using the TBARS (thiobarbituric acid reactive substances) assay as described in Larkindale 

and Knight, 2002. Superoxide dismutase (SOD) activity examination was prepared by Takáč et al., 

2014 protocol. For the immunoblotting of CSD and PrxQ, the enzyme extracts were enriched with a 

4x Laemmli SDS buffer (to reach a final concentration of 10% (v/v) glycerol, 60 mmol.l-1 of Tris/HCl 

pH 6.8, 2% (w/v) SDS, 0.002% (w/v) bromophenol blue and 5% (v/v) β-mercaptoethanol). 

Afterwards, the samples were boiled at 95 °C for 5 min. Equal amounts of proteins (15 μg) were 

loaded on 10% SDS PAGE gels. Immunoblotting analysis and chemiluminiscence signal development 

were carried out according to Takáč et al., 2017. Analyses were performed in three biological 

replicates. 

Evaluated parameters such as root growth, skewness (representing an extent of AF bundling), 

AF fluorescence integrated density (representing a percentage of occupancy) and the band optical 

densities of immunoblots were measured in ImageJ (http://rsb.info.nih.gov/ij/). All graphical plots 

were prepared in Microsoft Excel software and statistical significance between treatments at p < 0.05 

was performed using a t-Test in Microsoft Excel or in program the STATISTICA 12 (StatSoft, TIBCO 

Software Inc.) by ANOVA and subsequent Fisher´s LSD test. Microscopic data were processed and 

evaluated in Zen 2014 software, black and blue editions (Carl Zeiss, Germany).  
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5.2 Results 

5.2.1 Impact of the der1-3 mutation and its topology on protein tertiary structure 

 A. thaliana mutant der1-3 has been produced in the C24 ecotype background by an 

ethylmethanesulfonate (EMS)-mutagenesis of the DER1 locus, leading to a single-point mutation in 

the ACTIN2 gene (Ringli et al., 2002). Single-point mutation in the genomic DNA sequence was 

determined at the position 1114 (changing cytosine to thymine), leading to an altered protein sequence 

exchanging Arg97 to Cys97 in the der1-3 mutant (Ringli et al., 2002). We translated a nucleotide 

sequence, both in a natural and mutated variant, to a primary protein sequence and we prepared a 

model of a tertiary protein structure. We found that this position, both in the natural (Fig. 8A) and 

mutated (Fig. 8B). Importantly, based on the 3D model, the mutation does not alter the overall tertiary 

structure of the protein (Fig. 8A, B), while this single amino acid exchange is topologically exposed 

to the protein surface (Fig. 8C, D). This analysis indicates that single-point mutation exchanging Arg 

to Cys at the position 97 in the ACTIN2 protein of the der1-3 mutant might rather influence its 

biochemical properties. 

Figure 8. Model of the nature ACTIN2 protein structure and its mutated version in the der1-3 mutant. 

SWISS model of the tertiary protein structure of ACTIN2 based on wild-type gene sequence (A) and based on 

gene sequence altered by single-point mutation in der1-3 mutant (B). Topological location of arginine in the 

position 97 of natural ACTIN2 (A, detailed structure in C) and substituted cysteine in the position 97 of mutated 

ACTIN2 (B, detailed structure in D) of der1-3 mutant are showed in boxes. Models of protein structures were 

produced in: https://swissmodel.expasy.org/interactive.  Adapted from Kuběnová et al., 2021. 

5.2.2 Effect of oxidative stress on post-germination root growth, plant development and biomass 

production of the der1-3 mutant 

 The plants of C24 wild-type, der1-3 mutant and their transgenic GFP-FABD2 lines germinated 

and grew directly on control media or media with oxidative stress factor (PQ or H2O2); or 3-days old 

plants were transferred from control to oxidative stress conditions. Post-germination root growth 

analysis confirmed that, unlike the wild-type lines, root growth and development of the der1-3 mutant 

and der1-3 GFP-FABD2 line is better adapted to the mild oxidative stress. In order to characterize 

solely oxidative stress-related inhibition of root growth, we performed seed germination on the control 

media and after that, we transferred 3-days old seedlings to a culture media containing different 

concentrations of PQ. Comparison of the root growth rate within 4 days after transfer showed that it 

is very similar for the three lines. Nevertheless, only root growth rate on the control media of the C24 

https://swissmodel.expasy.org/interactive
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GFP-FABD2 line was significantly higher in comparison to others (Fig. 9A, C, E). Transfer of the 

C24 wild-type, der1-3 mutant and their transgenic lines seedlings germinated on the control media to 

media containing 0.1 μmol.l-1 of PQ led to a similarly decreased root growth rate (Fig. 9B, D). 

However, the reaction of seedlings to 0.1 μmol.l-1 of PQ revealed a much better tolerance of the both 

der1-3 mutant lines, as their average root growth rate was significantly higher than in both C24 wild-

type lines, respectively (Fig. 9F). These observations were corroborated by the quantitative 

characterization of differences in average root growth rate by a reduction ratio between the control 

and PQ-containing media in the fold changes. The root growth reduction ratio caused by 0.1 μmol.l-1 

of PQ was lower in seedlings of the both der1-3 mutant lines (Fig. 9G). Additional analysis of the 

biomass production showed, that the der1-3 mutant and der1-3 GFP-FABD2 had bigger aerial and 

underground part of plants under the stress conditions. This analysis clearly revealed the physiological 

resistance of the der1-3 mutant against mild and severe oxidative stress. 

Figure 9. Root growth rate in plants of control C24, der1-3 mutant and transgenic C24 and der1-3 lines 

expressing pro35S::GFP:FABD2 after their transfer to PQ-containing media. Root growth rate of the 

control C24 and der1-3 mutant plants on the control media (A) and on media containing 0.1 μmol.l-1 of PQ (B). 

Root growth rate of the transgenic C24 GFP-FABD2 and der1-3 GFP-FABD2 lines on the control media (C) 

and on media containing 0.1 μmol.l-1 of PQ (D). Average root growth per 24 h on the control media (E) and on 

media containing 0.1 μmol.l-1 of PQ (F). Reduction ratio (fold change in respect to control) of the average root 

growth in the respective lines on media containing 0.1 μmol.l-1 of PQ (G). Experiments were repeated two 

times with 16 plants per line (control) and 12 plants per line (PQ). Different lowercase letters above the bars 

(E, F) represent statistical significance according to one-way ANOVA and subsequent LSD test at p value < 

0.05. Adapted from Kuběnová et al., 2021. 

5.2.3 Phenotype of der1-3 mutant plants after long-term exposure to oxidative stress 

The phenotype of plants germinated and grown on the control media for 20 days confirmed 

smaller aboveground parts and more irregular, and wavy root growth pattern of the der1-3 mutant 
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(Fig. 10A), in comparison to the C24 control plants (Fig. 10B). Transgenic plants of C24 GFP-FABD2 

and der1-3 GFP-FABD2 grown on the control media were bigger, but similar phenotypes as in non-

transgenic plants (Fig. 10C, D). However, plants transferred from the control to PQ-containing culture 

media revealed a better development of the der1-3 mutant in comparison to the C24 control (Fig. 10E, 

F) and der1-3 GFP-FABD2 line in comparison to the C24 GFP-FABD2 line (Fig. 10G, H). After 0.1 

μmol.l-1 of PQ treatment, the aboveground parts and root system of the der1-3 mutant and der1-3 

GFP- FABD2 plants did not show such a strong stress reaction and developmental arrest (Fig. 10F, 

H). Putting together analyses of plant development after transfer to PQ-containing media from control 

conditions confirmed, that plants of the der1-3 mutant and der1-3 GFP-FABD2 line are more tolerant, 

particularly to the mild oxidative stress. 

Figure 10. Plant phenotype of control C24, der1-3 mutant and transgenic C24 and der1-3 lines expressing 

pro35S::GFP:FABD2 on control media or after their transfer to PQ-containing media. Plants of der1-3 

mutant (A), control C24 (B), der1-3 GFP-FABD2 (C) and C24 GFP-FABD2 (D) line germinating and growing 

for 20 days on control media. (E-H) Plants 3-days old germinated on control media were transferred to PQ-

containing media and photographed 17 days after transfer. Plants of control C24 (E), der1-3 mutant (F), C24 

GFP-FABD2 (G) and der1-3 GFP-FABD2 (H) line growing on media containing 0.1 µmol.l-1 PQ. 

Aboveground parts of plants were photographed on white background (upper row of images), and whole plants 

including roots were documented on black background (lower row of images). Scale bars = 1 cm. Adapted 

from Kuběnová et al., 2021. 

Considering the inhibitory effects of PQ in photosynthetically active plant tissues, we also 

employed a H2O2 treatment, as an alternative oxidative stress-inducing agent that directly affects the 

root system and its development. Four different concentrations of H2O2 (0.5; 1; 1.5 and 3 mmol.l-1) 

were tested in post-germination root growth rate analysis within 4 days after the transfer of 3-days old 

seedlings germinated on the control media. We observed a H2O2 dose-dependent response in the 

inhibition of root elongation and average root length (Fig. 11A-E). Interestingly, the stronger 

concentration of H2O2 (3 mmol.l-1) inhibited root elongation in the C24 wild-type significantly more 

than in the der1-3 mutant plants (Fig. 11E). The quantitative characterization of differences in the 

average root growth rate presented as a reduction ratio between the control and H2O2-containing media 

showed no differences between the C24 wild-type and der1-3 mutant on media containing 0.5 and 1 

mmol.l-1 of H2O2 (Fig. 11F). However, a moderate difference caused by 1.5 mmol.l-1 of H2O2 and a 

considerably increased difference induced by 3 mmol.l-1 of H2O2 (Fig. 11F) suggested that root 
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growth and development of the der1-3 mutant plants are substantially more resistant to moderate and 

severe oxidative stress than of the C24 wild-type plants.  

Figure 11. Root growth rate of control C24 and der1-3 mutant plants after their transfer to H2O2-

containing media. Root growth rate of control C24 and der1-3 mutant plants on media containing 0.5 (A), 1 

(B), 1.5 (C) and 3 (D) mmol.l-1 H2O2. (E) Average root growth per 24 h on the control media and on media 

containing indicated concentrations of H2O2. (F) Reduction ratio (fold change in respect to control) of averaged 

root growth in control C24 and der1-3 mutant plants on media containing 0.5 (A), 1 (B), 1.5 (C) and 3 (D) 

mmol.l-1 H2O2. Experiments were repeated two times with 10 plants per line. Different lowercase letters above 

the bars (E) represent statistical significance according to one-way ANOVA and subsequent LSD test at p value 

< 0.05. Adapted from Kuběnová et al., 2021. 

5.2.4 Response of the actin cytoskeleton to oxidative stress 

 In order to characterize the organization and dynamic properties of the actin cytoskeleton 

under PQ-induced oxidative stress, we utilized transgenic C24 and der1-3 lines expressing 

pro35S::GFP:FABD2 construct. In hypocotyl epidermal cells of 3-days old plants of the C24 GFP-

FABD2 line in control conditions, AF were arranged in an extensive, well-organized and dynamic 

network. However, we observed massive bundling, particularly in cortical layers of the cell after 

treatment with 0.1 μmol.l-1 of PQ for 30 min (Fig. 12A). The semi-quantitative evaluation of AF 

skewness, determining a degree of AF bundling, showed increased values after application of 

oxidative stress (Fig. 12B). The semi-quantitative evaluation of integrated density, determining 

fluorescence signal intensity per 1 μm2, was also significantly increased after PQ treatment (Fig. 12C). 

AF organization was slightly different in hypocotyl epidermal cells of 3-days old der1-3 GFP-FABD2 

plants in control conditions, showing mainly thinner, less organized, but dynamic AF in cell cortex. 

Treatment with 0.1 μmol.l-1 of PQ for 30 min induced partial bundling of AFs, but overall changes in 
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their organization and dynamics were not so dramatic (Fig. 12D). As a result, both AF skewness (Fig. 

12E) and integrated density, determining mean fluorescence signal intensity (Fig. 12F), were not 

significantly affected by oxidative stress. This analysis showing alterations in structure and dynamic 

properties of the actin cytoskeleton in the der1-3 GFP-FABD2 line, that were not considerably 

affected by PQ treatment, may significantly support observed physiological resist resistance of the 

der1-3 mutant and the related transgenic der1-3 GFP-FABD2 line against oxidative stress. 

Figure 12. Organization and dynamics of actin filaments in hypocotyl epidermal cells of transgenic C24 

and der1-3 lines expressing pro35S::GFP:FABD2 under PQ-induced oxidative stress. AFs in hypocotyl 

epidermal cells of 3-days old plant of C24 GFP-FABD2 (A) and der1-3 GFP-FABD2 (D) line in control 

conditions and after treatment with 0.1 µmol.l-1 PQ for 30 min. Quantitative analysis of AFs bundling extent 

(skewness, B, E) and AFs density (percentage of occupancy, C, F) in control conditions and after application 

of 0.1 µmol.l-1 PQ. Experiments were repeated 5-6 times with 4-5 cells per plant in each line. Different 

lowercase letters above the bars (B, C, E, F) represent statistical significance according to one-way ANOVA 

and subsequent LSD test at p value < 0.05. Scale bar = 10 µm. Adapted from Kuběnová et al., 2021. 

5.2.5 Lipid peroxidation and antioxidant activity 

 Based on observed phenotypical differences, we aimed to provide evidence about the 

biochemical mechanisms underlying an increased tolerance of the der1-3 mutant to oxidative stress. 

Our analyses showed that the der1-3 mutant exhibited a lower degree of lipid peroxidation after long-

term PQ treatment compared to the C24 wild-type, while cultivation on H2O2-containing media did 

not cause lipid peroxidation in any examined line (Fig. 13A). This indicated that PQ treatment was 

less damaging to the der1-3 mutant compared to C24 in terms of membrane integrity. Next, we also 

examined activities of important antioxidant enzymes in the C24 wild-type and the der1-3 mutant. 

We found the elevated capacity to decompose O2
•− in the der1-3 mutant, as manifested by a more 

intensive activation of iron superoxide dismutase 1 (FeSOD1) in these plants when exposed to both 

PQ and H2O2, compared to the C24 wild-type (Fig. 13C). Both treatments substantially decreased the 

activity of copper-zinc superoxide dismutase (CuZnSOD) isoforms in both the der1-3 mutant and the 

C24 wild-type, while this reduction was less pronounced in the der1-3 mutant (Figure 13C). This was 

also observed on protein abundance levels, as shown by immunoblotting (Fig. 13D). In addition, we 
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also encountered a substantially increased abundance of chloroplastic Peredoxin Q (PrxQ), a H2O2 

decomposing enzyme, in the der1-3 mutant in response to both PQ and H2O2 treatments, while a slight 

increase (in the case of PQ), or unchanged abundance (in the case of H2O2), were observed in the C24 

wild-type (Fig. 13B). Altogether, these results showed that an increased tolerance of the der1-3 mutant 

plants to oxidative stress is determined by an elevated enzymatic capacity to decompose ROS. 

Figure 13. Estimation of lipid peroxidation and antioxidant capacity in plants of C24 wild-type and der1-

3 mutant. Plants 3-days old germinated on control media were transferred to 0.1 µmol.l-1 PQ- and 3 mmol.l-1 

H2O2-containing media. (A) Relative quantification of malondyaldehyde content. (B) Quantification of band 

densities of peroxiredoxin Q abundance (B); of superoxide dismutase (SOD) isoforms activity on native 

polyacrylamide gels (C); and of CuZnSOD1 and CuZnSOD2 isoforms (D). Different lowercase letters above 

the bars represent statistical significance between treatments according to t-Test at p value < 0.05. These 

analyses were done with the help of Tomáš Takáč. Adapted from Kuběnová et al., 2021. 

5.3 Discussion 

In the second part of the results, we found as very interesting fact that der1-3 mutant was 

clearly more resistant to oxidative stress as compared to control C24 plants. We proved the resistance 

on the level of plant phenotypes, root growth efficiency, integrity and dynamic parameters of the actin 

cytoskeleton in hypocotyl cells of GFP-FABD2 transgenic lines, and biochemical analyses of anti-

oxidative defense mechanisms. In principle, a single-point mutation in the der1-3 mutant leads to 

exchange of Arg97 to Cys97 (Ringli et al., 2002). This change occurs in superdomain1 on the protein 

and topologically it is located on the surface, without effecting the tertiary protein structure, as shown 

by model comparison of control, and by mutation affected ACT2 proteins. ACT2 protein affected by 

the mutation is still functional, meanwhile the mutation might have an impact on its biochemical 

properties, such as post-translation modifications or protein-protein interactions. The phenotypical 

analyses and testing of the growth rate of C24 control and der1-3 mutant plants, as well as GFP-

FABD2 transgenic lines created in these two genetic backgrounds were performed with plants either 
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directly germinated on, or transferred to oxidative stress condition after control germination. 

Oxidative stress was induced by different concentration of PQ and H2O2 in the culture medium. We 

found out that PQ had stronger effect on root growth than H2O2. The higher resistance of der1-3 

mutant plants was determined based on lower root growth rate reduction (both after 0.1 µmol.l-1 of 

PQ and 3 mmol.l-1 of H2O2 treatments) and more efficient production of root and shoot fresh weight 

after PQ treatment.  

These facts led us to investigate actin cytoskeleton structure and organization in transgenic 

GFP-FABD2 lines under oxidative stress using live-cell imaging. Quantitative analyses showed that 

AFs in hypocotyl cells of C24 GFP-FABD2 transgenic line underwent a massive bundling after 

treatment with 0.1 µmol.l-1 PQ for 30 min. On the other hand, AFs in der1-3 GFP-FABD2 hypocotyl 

cells, preserved their structure and were still dynamic. This fact seems to be one of the main reasons 

supporting the higher tolerance of the der1-3 mutant to the oxidative stress. It has been shown that a 

reduction in AF bundling can be directly associated with increased AF dynamics (Staiger and 

Blanchoin, 2006). The molecular mechanism how AFs are involved in plant response to oxidative 

stress is not fully understand yet, but some facts were already revealed. Protection of the actin 

cytoskeleton under the oxidative stress could be required for PIN2 auxin efflux carrier trafficking to 

the PM. The intracellular transport of PIN2 was reduced after H2O2 treatment, which affected directly 

actin cytoskeleton dynamics (Zwiewka et al., 2019).  

Moreover, our observations that der1-3 mutant is more resistant to oxidative stress was 

corroborated by several biochemical experiments. These analyses showed that the der1-3 mutant had 

a lower degree of lipid peroxidation, and also increased abundance and activity of antioxidant 

enzymes, such as iron superoxide dismutase 1 (FeSOD1), two copper-zinc superoxide dismutase 

isoforms (CuZnSOD1 and CuZnSOD2), and redox buffering protein peroxiredoxin Q (PrxQ). This 

indicates that the der1-3 mutant has a higher capacity to decompose O2
·- by increased level and activity 

of CuZnSOD1/2 and FeSOD1 enzymes as compared to the C24 control plants. These enzymes were 

proposed as important determinants of oxidative stress tolerance in plants (Sunkar et al., 2006; Dvořák 

et al., 2021). Due to a higher abundance of PrxQ, which is an atypical 2-cys peroxiredoxin using 

thioredoxin as an electron donor (Lamkemeyer et al., 2006; Yoshida et al., 2015), the der1-3 mutant 

can also decompose H2O2 more effectively. Altered ACTIN2 protein in der1-3 mutant has one 

additional Cys compared to natural one, therefore we hypothesized that ACTIN2 in der1-3 might 

undergo redox-mediated posttranslational modifications accelerating the antioxidant capacity via 

PrxQ and thioredoxins. It was published, that BEN1, a guanine exchange factor for ARF (ADP-

ribosylation factor), regulating the AF-based intracellular trafficking of PIN2 during adaptation to 

oxidative stress, contains highly conserved cysteine residues (Mouratou et al., 2005; Zhou et al., 2010) 

that could be modified by H2O2 treatment. Increased redox status upon the accumulation of H2O2 can 

initiate the oxidation of cysteine sulfhydryl groups in actins (Wang et al., 2012). Direct oxidative 

posttranslational modifications of actins in mammalian cells, such as oxidation (Frémont et al., 2017), 

glutathionylation (Sakai et al., 2012) or S-sulfhydration (Mustafa et al., 2009), affected AFs 

depolymerization (Frémont et al., 2017) and dynamics (Gellert et al., 2015; Stojkov et al., 2017). 

Thus, this section of the thesis brought some light to resistance against oxidative stress in der1-3 

mutant, in which the single-point mutation of the ACT2 gene altered broadly also other cellular and 

molecular mechanisms.   
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6. PART IV - ROOT HAIR DEFECTIVE 2 vesicular delivery to the apical plasma 

membrane domain during Arabidopsis root hair development 

6.1 Material and Methods 

 The plant material and methods are described in more detail in the dissertation thesis and 

summarization is mentioned here. 

  Experiments were performed with plants of A. thaliana, wild-type of the Col-0 ecotype,  

rhd2-1 (Foreman et al., 2003) mutant, stably transformed A. thaliana plants (of Col-0 wild-type 

background) carrying constructs with GFP-RHD2 under the native promotor (Takeda et al., 2008). 

Plants of the rhd2-1 mutant, were crossed with transgenic plants bearing fluorescent markers for early 

endosomes/TGN, GFP-RabA1d (Ovečka et al., 2010), or late endosomes, RabF2a-YFP (Voigt et al., 

2005). Transgenic plants GFP-RHD2 were crossed with transgenic plants carrying fluorescent 

markers of endosomal compartments (Wave line W13R producing mCherry-VTI12 for early 

endosomes/TGN, and Wave line W2R producing mCherry-RabF2b for late endosomes; Geldner et 

al., 2009). 

 Cell type-specific and subcellular distribution patterns of GFP-RHD2 in root was done by 

Airyscan CLSM and light-sheet fluorescence microscope. LSM880 equipped with Airyscan (Carl 

Zeiss, Germany) was used for subcellular distribution pattern of GFP-RHD2 signal and images were 

used for quantitative analyses of compartment positive to GFP-RHD2 signal during RH development 

and growth. Image acquisition was performed with a 20x/0.8 NA dry Plan-Apochromat objective 

(Carl Zeiss, Germany). Developmental and cell type-specific localization pattern of GFP-RHD2 was 

observed by light-sheet Z.1 fluorescence microscope (Carl Zeiss, Germany) equipped with two LSFM 

10x/0.2 NA illumination objectives (Carl Zeiss, Germany), Plan-Apochromat 20x/1.0 NA water 

immersion detection objective (Carl Zeiss, Germany), and the PCO Edge sCMOS camera (PCO AG, 

Germany). All colocalization studies were prepared by a Cell Observer SD Axio Observer Z1 spinning 

disk microscope (Carl Zeiss, Germany) equipped with alpha Plan-Apochromat 100x/1.57 NA DIC 

Korr oil immersion objective (Carl Zeiss, Germany). Images were acquired simultaneously with two 

Evolve 512 EMCCD cameras (Photometrics) using a camera-streaming mode. 

Fluorescence probes were individually applied directly to the microscopy chamber by 

perfusion. The PM and vesicular marker in the RHs (FM4-64) is used in 4 µmol.l-1 concentration. 

Filipin III was used as a vital fluorescence probe of structural strolls in 10 µg.ml-1 concentration. RHs 

labelled by filipin III or FM4-64 was observed by spinning disk microscope. 

Arivis Vision4D program, version 3.1.4. (Arivis AG, Germany) was used for quantitative 

tracking of the GFP-RHD2 compartments. All graphical plots were prepared in Microsoft Excel 

software and statistical analyses were done using STATISTICA 12 (StatSoft) software using analysis 

of variance (ANOVA) and subsequent Fisher’s LSD tests (p < 0.05). Microscopic data were processed 

and evaluated (such as fluorescence intensities, quantification of colocalization studies - Pearson´s 

coefficient and kymographs) in Zen 2014 software, blue or black edition (Carl Zeiss, Germany).  
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6.2 Results 

6.2.1 Cell type-specific and subcellular distribution patterns of GFP-RHD2 signal in root 

Light-sheet fluorescence microscopy (LSFM) provided visualization for developmentally 

regulated and cell type-specific distribution patterns of GFP-RHD2 in growing roots. The GFP-RHD2 

signal was observed in epidermal cells in RH formation zone, and was explicitly accumulated in the 

bulges and apices of developing RHs (Fig. 14A). Orthogonal projections from different root 

developmental zones confirmed GFP-RHD2 localization in the root epidermis, preferably in 

trichoblasts within the root differentiation and elongation zone (Fig. 14B). Specifically, GFP-RHD2 

accumulated at the tips of emerging (Fig. 14A, C) and growing (Fig. 14A, D) RHs. Most importantly, 

Airyscan CLSM imaging revealed GFP-RHD2 presence in small motile compartments in the 

cytoplasm (Fig. 14E, F). Their number was considerably higher in trichoblasts (Fig. 14E), and there 

was an apparent progressive accumulation in developing bulges (arrowhead in Fig. 14E, F). In 

addition to the visualization of GFP-RHD2 in small compartments in the cytoplasm, Airyscan CLSM 

revealed localization in the PM, particularly at bulging sites and apical domains of developing bulges 

(Fig. 14E, F).  

Figure 14. Expression pattern and cell type-specific distribution of GFP-RHD2 in growing root. 

Distribution pattern in RH formation zone (A), where GFP-RHD2 was expressed mainly in trichoblasts (B) 

and accumulated at tips of emerging (C) and growing (D) RHs. Maximum intensity projection of from light-

sheet fluorescence microscopy imaging as visualized using semi-quantitative fluorescence intensity distribution 

and pseudo-color-coded scale, where dark blue represents minimal intensity (164 arbitrary units) and pale red 

represents maximum intensity (693 arbitrary units). (E, F) Detailed visualization of subcellular compartments 

containing GFP-RHD2 in trichoblasts and their progressive accumulation in developing bulges (arrowheads) 

using Airyscan CLSM. A substantially lower number of compartments with GFP-RHD2 was detected in 

atrichoblasts (asterisks). Scale bar = 50 µm (A), 40 µm (B-D), 10 µm (E, F). Adapted from Kuběnová et al., 

2022. 

Localization analysis showed a different range of GFP-RHD2 specific targeting to the apical 

PM domain at distinct stages of RH development. Therefore, we analysed the range of PM decorated 

with GFP-RHD2 (Fig. 15A). A quantitative evaluation revealed that the extent of the PM zone 

containing GFP-RHD2 increased progressively from early to late bulges. This zone was enlarged in 

short RHs and reached a maximum in longer growing RHs but declined considerably in nongrowing 
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RHs (Fig. 15B). Thus, the distribution pattern of GFP-RHD2 at the apical PM was tightly associated 

with the individual developmental stages of RHs (Fig. 15A, B). Live-cell imaging revealed targeted 

delivery of GFP-RHD2 in dynamic vesicular compartments to the cortical cytoplasm and apical PM 

of developing RHs. Based on the nature of their movements, we determined three groups of vesicular 

compartments carrying GFP-RHD2. The first group was represented by compartments with targeted 

movement to the apical PM (marked in red). The second group consisted of compartments moving in 

the cytoplasm without any contact with the apical PM (marked in blue). The third group of 

compartments moved toward the PM and subsequently moved back to the cytoplasm after making 

contact (marked in cyan). The quantitative evaluation showed a high proportion of GFP-RHD2 

vesicular compartments moving toward the apical PM. A low number of compartments moved 

without contact or moved back after contact with the PM in the early bulge stage (Fig. 15C). However, 

this turned to a different pattern during RH development. The proportions of compartments from the 

red group, was relatively high in short- and longer growing RHs, while the compartments from the 

cyan group, considerably increased (Fig. 15C). With the cessation of tip growth, there was a 

considerable reduction in compartments moving to the apical PM (Fig. 15C). This analysis showed 

that the extent of GFP-RHD2 specifically targeted to the apical PM corresponded with the stages of 

RH formation. Importantly, this association was directly affected by the ratio between GFP-RHD2 

vesicular compartments targeted to the apical PM and those moving back to the cytoplasm after 

contacting the PM. 

Figure 15. Determination of GFP-RHD2 localization at the apical plasma membrane domain at different 

stages of root hair formation and growth. (A) Delineation of the area (by two arrows) where GFP-RHD2 

was specifically targeted to the apical PM domain at early and late bulging stage, in short and longer growing 

RHs, and in non-growing RHs. (B) Quantitative evaluation of the apical PM domain length decorated by GFP-

RHD2 at different stages of RH development (N = 2-5). Different lowercase letters indicate statistical 

significance between treatments (p < 0.05). (C) Quantitative determination of the ratio between three group of 

the compartments containing GFP-RHD2. The GFP-RHD2 positive compartments were tracked and analysed 

at denoted stages of RH development as depicted in (A). More than 59 compartments from 3 to 7 growing RHs 

from individual plants were analysed. Scale bar = 5 µm (A). Adapted from Kuběnová et al., 2022. 
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6.2.2 Quantitative microscopic analysis of motile compartments containing GFP-RHD2 at different 

stages of root hair development 

 Live-cell imaging of developing RHs by advanced microscopy enabled the qualitative 

determination of compartments containing GFP-RHD2. We analysed the quantitative parameters of 

their movements in different stages of RH formation using the single-particle tracking method and 

characterized three independent groups of the GFP-RHD2 compartments, which was mentioned 

before. Movement distances of GFP-RHD2 compartments during a 60 s period imaged by Airyscan 

CLSM were tracked using the “tracked cells function” of the ARIVIS Vision4D software. These 

trajectories were directly displayed in a color-coded mode in the image sequences of early and late 

bulges, as well as short and longer growing RHS. Figure 16 shows only selection of RH growth stages 

(late bulge Fig. 16A, longer RH Fig. 16C). In addition, the values of the maximum and the average 

speed of movement were analysed. Line tracking trajectories in different stages of RH development 

clearly distinguished spatial separation of GFP-RHD2 compartments from different groups (Fig. 16A, 

C). Compartments from the red group were located almost exclusively in the whole bulges (Fig. 16A) 

as well as in the clear and subapical zones of growing RHs (Fig. 16C). In contrast, GFP-RHD2 

compartments from the cyan group were located mainly at the periphery of the developing bulging 

domains (Fig. 16A) and in growing RHs moved preferably in the subapical and shank regions, 

contacting the lateral PM (Fig. 16C) exclusively. Differences in the spatial distribution of individual 

compartments might be associated with the distance and speed of movement in different RH 

developmental stages. Compartments from the blue group showed the shortest displacement distances 

in almost all cases, with the lowest values in maximum movement speed (Fig. 16B, D). However, the 

average speed of these compartments was the highest (with the highest variability) at all stages of RH 

development (Fig. 16B, D). Compartments from the red group moved along short distances in late 

bulging stages (Fig. 16B). These distances increased significantly during RH tip growth compared to 

the cyan group (Fig. 16D). Compartments from the cyan group moved over the longest distance in 

late bulging stages (Fig. 16B), but these values decreased in the growing RH stage (Fig. 16D). The 

maximum movement speed was comparable between compartments from the red and cyan groups. 

Still, the average speed was significantly higher in compartments from the cyan group compared to 

the red group (Fig. 16B, D). 

6.2.3 Identification of GFP-RHD2-positive compartments 

 Next, we analysed the nature of compartments containing GFP-RHD2 by colocalization with 

the selective membrane styryl dye FM4-64 and with early endosomal marker mCherry-VTI12 

(Geldner et al., 2009). In RHs, the FM4-64 dye is able to stain the PM and early endocytotic/recycling 

vesicular compartments after a minute-long exposure period (Ovečka et al 2005). After 10 min of 

application FM4-64 colocalized with GFP-RHD2 at the PM and in motile vesicular compartments in 

the apical and subapical zones of growing RHs (Fig. 17A). A high degree of colocalization in moving 

vesicular compartments within the subapical zone of growing RHs (Fig. 17C) was revealed by 

fluorescence intensity profile measurements (Fig. 17D). The quantitative colocalization analysis 

showing a high degree of Pearson’s correlation coefficients between FM4-64 and GFP-RHD2, and 
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Figure 16. Qualitative determination and quantitative tracking of moving compartments containing 

GFP-RHD2 at different stages of root hair development. Line tracking of three different groups of 

compartments positive to GFP-RHD2 signal and merged images of all three types of tracks in the late bulge 

(A), and longer (C) growing RHs. (B, D) Quantitative determination of tracked distances of these 

compartments, maximum and average speeds of their movements during tracking analysis, as compared 

separately for the compartments in the late bulge (B) and longer (D) growing RHs. More than 222 

compartments from 3 to 7 growing RHs from individual plants were analysed. Box plots show the first and 

third quartiles, split by the median (line) and mean (cross). Whiskers extend to include the max/min values. 

Different lowercase letters indicate statistical significance between treatments (p < 0.05). Scale bar = 5 µm. 

Adapted from Kuběnová et al., 2022. 

also with GFP-RabA1d, as an early endosomal/TGN marker, but not with RabF2a-YFP, as a late 

endosomal marker in intracellular compartments (Fig. 17G). Colocalization analysis GFP-RHD2 with 

mCherry-VTI12 was used for confirmation of hypothesis, that vesicular compartments containing 

GFP-RHD2 might belong to the early endosomal group. Markers mCherry-VTI12 and mCherry-

RabF2b were not detected in the PM of growing RHs. However, the early endosomal/TGN marker 

mCherry-VTI12 showed colocalization with GFP-RHD2 in motile compartments (Fig. 17B, E). This 

was confirmed by fluorescence intensity profile quantification (Fig. 17F) and a high degree of 

Pearson’s correlation coefficients (Fig. 17H). Concluding from colocalization results with FM4-64 

and endosomal markers, vesicular trafficking and targeted delivery of GFP-RHD2 during RH 

development seem to depend on early endosomal/TGN compartments. 
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Figure 17. Colocalization analyses of GFP-RHD2 with selective membrane styryl dye FM4-64 and with 

early endosomal marker (mCherry-VTI12) in growing root hairs. Localization pattern of GFP-RHD2 in 

the apical PM domain, the cytoplasm of the apical and subapical zone, and in motile compartments of growing 

RH co-labelled with membrane styryl dye FM4-64 (A) or in double line with the early endosomal/trans-Golgi 

network marker mCherry-VTI12 (B). Detailed images of compartments containing GFP-RHD2 and FM4-64 

(C) within the white box depicted in (A) and GFP-RHD2 and mCherry-VTI12 (E) within the white box in (B). 

Arrows indicate the position of the compartments and the interrupted white line depicts the profile for 

fluorescence intensity quantification. Fluorescence intensity profiles of the GFP and FM4-64 signal (D) along 

the interrupted white line in (C) and the GFP and mCherry-VTI12 signal (F) along the interrupted white line 

in (E). Arrows indicate the position of the compartments. Quantitative colocalization analyses using Pearson's 

correlation coefficients between FM4-64 with GFP-RHD2, early endosomal marker GFP-RabA1d and late 

endosomal marker RabF2a-YFP in intracellular compartments (G) or between GFP-RHD2 with the early 

endosomal/trans-Golgi network marker mCherry-VTI12, and between GFP-RHD2 with the late endosomal 

marker mCherry-RabF2b, in intracellular compartments (H). Scale bar = 5 µm (A, B), 1 µm (C, E). Adapted 

from Kuběnová et al., 2022. 

6.2.4 Distribution of GFP-RHD2 in root hairs after filipin III treatment 

The delivery of motile compartments positive to GFP-RHD2 signal with to the growing apex 

of bulges and RHs requires physical interactions with the PM. Therefore, the RHs of the GFP-RHD2 

line were treated with 10 µg.ml-1 filipin III (sterol vital dye) for 10 min, and subcellular changes in 

GFP-RHD2 distribution were directly examined using a spinning disk microscope. The appearance of 

filipin III fluorescence in the PM of RHs after application coincided with the tip growth arrest. 

Treatment with filipin III led to a layer-like accumulation of GFP-RHD2 closely associated with PM 
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at the apex of RHs (Fig. 18A, C). Because filipin III positive blue staining served as a PM marker 

under these circumstances. Therefore, the layer-like accumulation of GFP-RHD2 beneath the PM 

suggests that GFP-RHD2 was prevented from incorporating into the PM after filipin III treatment. 

This localization pattern was unique because equivalent experiments on GFP-RabA1d RHs treated 

with filipin III revealed accumulation of early endosomal/TGN compartments in the apical part of the 

RHs, but not in close contact with filipin III-positive apical PM (Fig. 18B, E). Semi-quantitative 

analysis of the fluorescence intensity distribution using a profile function across the RH apex (Fig. 

18C) revealed a “basal” level of GFP-RHD2 in filipin III-positive PM but mostly accumulated in a 

thin layer beneath the PM (Fig. 18D). Simultaneously, the clear zone was depleted of GFP-RHD2 

fluorescence after filipin III treatment (Fig. 18C, D). Interestingly, GFP-RabA1d accumulation in the 

clear zone after filipin III treatment showed a different pattern (Fig. 18E) because it was detached and 

did not show direct contact with the filipin III-positive PM (Fig. 18E, F). These experiments with 

filipin III and independent auxinol treatment suggest that structural sterols, abundant in the apical PM 

of growing RHs, might be involved in the dynamic relocation of GFP-RHD2. 

Figure 18. Localization analysis of GFP-RHD2 and GFP-RabA1d in root hairs after filipin III treatment. 

Merged images of localization patterns of GFP-RHD2 (A) and GFP-RabA1d (B) in the RH and filipin III-

positive signal (blue) at the PM after 10 min treatment. (C, E) Detailed images of the apical part of the RH 

within the white box in (A, B). Arrows indicate the position and the direction of the fluorescence intensity 

profile measurement. Fluorescence intensity profile of the GFP-RHD2 and filipin III-positive signal (D) along 

the arrow in (C) and of the RabA1d-GFP and filipin III-positive signal (F) along the arrow in (E). The arrows 

above the curves indicates the direction of the measurements. Scale bar = 5 µm (A, B), 1 µm (C, E). Adapted 

from Kuběnová et al., 2022. 
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6.3 Discussion 

In this part of results deals with the role of AtRBOHC/RHD2 in the RH formation and their 

tip growth. Process of RH tip growth requires vesicular transport and targeted delivery, localized cell 

wall deposition, and controlled PM extension. Critically important parameter is localized generation 

of ROS, creating typical tip-localized gradient together with Ca2+ ions and pH at the apical cytoplasm 

(Šamaj et al., 2006). ROS are produced by NADPH oxidase type C, which is encoded by RHD2 

(ROOT HAIR DEFECTIVE 2) gene. AtRBOHC/RHD2 is incorporated into apical PM and generates 

ROS into the apoplast (Foreman et al., 2003). NADPH oxidase type C is also activated by Ca2+ ions, 

but the main activators are Rop GTPases (Jones et al., 2007). Rop GTPases were found to be 

accumulated at the site of future RHs initiation in trichoblasts (Molendijk et al., 2001; Jones et al., 

2002). The short RH phenotype is totally rescuable by GFP:RHD2 construct expressed under control 

of the native promotor (Takeda et al., 2008). In our experiments, we used rhd2 mutant and transgenic 

line carrying GFP-RHD2 in Col-0 background. We used different advanced microscopy methods for 

qualitative and quantitative characterization of GFP-RHD2 subcellular distribution and localization. 

We confirmed the published cellular localization pattern of GFP-RHD2, which was selective 

accumulation in bulges and tips of developing RHs (Takeda et al., 2008), and we extended this pattern 

at the subcellular and super-resolution levels.  

We proved GFP-RHD2 signal localization in apical part of PM in growing RHs. Importantly, 

we found GFP-RHD2 signal localized in dynamic cytoplasmic vesicular compartments. These 

compartments were more abundant in trichoblasts then in atrichoblasts. In next experiments, we 

characterized in detail the patter of temporal and spatial GFP-RHD2 redistribution of during the 

process of RH initiation and growth. Quantitative single particle tracking analysis showed that GFP-

RHD2 was targeted to, and removed back from the apical PM domains in developing bulges and 

growing RHs. Interestingly, the range of PM decorated by a fluorescent signal from GFP-RHD2 

closely correlated with particular stages of RH development.  

The quantitative particle tracking analysis revealed a complex pattern of GFP-RHD2 

compartments distribution, both in movement and interactions with the PM. Based on data acquired, 

GFP-RHD2 compartments in growing RHs were divided into three different groups. The first group 

represented compartments moving to, and fusing with the apical PM. The proportion of this group 

was highest in early stages of RHs growth and corresponded with the largest area of apical PM 

containing accumulated fluorescence signal of the GFP-RHD2. The second group consisted GFP-

RHD2 compartments moving only in the cytoplasm without any contact with the apical PM. They 

probably did not support GFP-RHD2 incorporation to the PM. The third group of compartments was 

particularly interesting, as they moved to and contacted the PM, while subsequently moved back to 

the cytoplasm. These events occurred mainly within the sub-apical zone of RHs and the number of 

these compartments proportionally increased in longer, rapidly growing RHs. GFP-RHD2-positive 

compartments behaving differently at the PM, and changes in their ratio typical for individual stages 

of RHs growth indicate that GFP-RHD2 incorporation into the PM and/or recycling back may 

represent an important part of the regulatory mechanism driving RH tip growth.  

 Then, we defined the molecular signature of GFP-RHD2-positive compartments 

microscopically by subcellular colocalization studies. Vital staining with FM4-64 revealed 
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colocalization of FM4-64 with GFP-RHD2 at the PM and in cytoplasmic vesicular compartments in 

growing RHs. FM4-64, as a membrane-specific styryl dye after labelling of the PM and after a short 

incubation time, serves as a fluorescent marker of early endocytic compartments in growing RHs 

(Ovečka et al., 2005). This was corroborated positively by colocalization of FM4-64 with early/TGN 

endosomal marker GFP-RabA1d (Ovečka et al., 2010; Berson et al., 2014), and negatively by failed 

colocalization with late endosomal marker RabF2a-YFP (Voigt et al., 2005; Berson et al., 2014). In 

the next step, we prepared double transgenic fluorescence lines by crossing, carrying GFP-RHD2 

together with mCherry-VTI12 (an early endosomal/TGN marker; Geldner et al., 2009) and with 

mCherry-RabF2b (a late endosomal marker; Geldner et al., 2009). Colocalization analyses 

corroborated previous results. Early endosomal/TGN marker mCherry-VTI12 showed colocalization 

with GFP-RHD2 in vesicular compartments in growing RHs. We measured also a maximum speed of 

moving GFP-RHD2 vesicular compartments and we received a range of 4 - 8 µm.s-1. This is well 

consistent with the measured dynamic properties of early endosomal compartments carrying 

molecular markers GFP-RabA1d and YFP-VTI12 in RHs, which was in the range of 6 - 9 µm.s-1 (von 

Wangenheim et al., 2016).  

The delivery of GFP-RHD2 in motile compartments with to the growing apex of bulges and 

RHs requires physical interactions with the PM. Therefore, we tested a possible role of structural 

sterols, integral components of the PM. We treated plants with filipin III, a polyene antibiotic 

fluorochrome suitable as a vital probe for in vivo sterol localization in animal (Nichols et al., 2001), 

yeast (Wachtler et al., 2003), and plant cells (Grebe et al., 2003; Boutté et al., 2009; Liu et al., 2009; 

Bonneau et al., 2010). Filipin III application (10 µg.µl-1) caused labelling of the PM, and although 

GFP-RHD2 showed a residual signal at the PM, its majority was accumulated just beneath the PM. 

Filipin III at higher concentrations promote the formation of filipin III – sterol complexes, disrupting 

PM structural and physiological functions. Formation of a layer-like aggregates of GFP-RHD2 

beneath the PM suggests that GFP-RHD2 was prevented from incorporating into the PM due to sterol 

sequestration. In addition, the depletion of GFP-RHD2 compartments from the clear zone of treated 

RHs might indicate that recycling from the PM was also inhibited after filipin III treatment. It has 

been proven that the appearance of filipin-sterol complexes at the PM was immediately connected 

with PM rigidification. It triggered ion leakage, extracellular pH alkalization, and changes in 

signalling, which depends on protein kinase-mediated phosphorylation (Bonneau et al., 2010). The 

link between structural sterols at the PM and RH formation might be mediated by a regulatory role of 

Rho of plants (ROPs; Denninger et al., 2019) that activate RHD2 during RH tip growth (Carol et al., 

2005). Transient S-acylation causes ROPs activation, which is required for their functionality and 

stabilizes their interaction with the PM and accumulation in lipid rafts (Sorek et al., 2007, 2011). In 

conclusion, this observation indicates that structural sterols might be involved in localized anchoring 

and maintenance of GFP-RHD2 in the apical PM, particularly at the apex of developing RHs.  
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7. General conclusion 

Results presented in this Ph.D. thesis are arranged to three parts that describe different aspects 

of selected A. thaliana RHs mutants, including phenotypical and growth characteristics, defense 

reactions to selected abiotic stresses, and detailed microscopical analyses of transgenic lines carrying 

molecular markers. The first part is dedicated to phenotypical characterisation of der1-3 (deformed 

root hairs1) mutant, in which single point mutation in ACTIN2 gene influence not only growth of 

RHs, but affects also other developmental parameters of mutant plants, such as growth pattern of the 

roots and properties of the actin cytoskeleton in cells of the whole plants. However, better 

understanding of the molecular mechanisms how the actin cytoskeleton contributes to the proper 

orientation of the cell division, and what is the role of ACTIN2 isoform in this process, will require 

more detailed future studies. 

The second part described that der1-3 mutant was clearly more resistant to oxidative stress as 

compared to control C24 plants. Enhanced resistance of der1-3 mutant to mild and severe oxidative 

stress induced by PQ or H2O2 in the culture medium, was confirmed by better growth parameters, 

alterations in the actin cytoskeleton, enhanced protection of membrane integrity, higher activity of 

antioxidant enzymes, and increased capacity for redox modifications. Thus, this section brought some 

light to resistance against oxidative stress in der1-3 mutant, in which the single-point mutation of the 

ACT2 gene altered broadly also other cellular and molecular mechanisms. The complete mechanism, 

however, is still not clarified. 

The third and last part of results clarified the pattern of polarized AtRBOHC/RHD2 movement, 

targeting, maintenance, and recycling at the apical PM domain, and helped to better understanding 

how this pattern could be coordinated with different developmental stages of RH initiation and growth 

in Arabidopsis. It was confirmed by several qualitative and quantitative microscopic analysis in 

control condition or after filipin III labelling using advanced microscopic methods. However, the 

detailed molecular mechanism of the whole process is still not clear.  

Seminal parts of the thesis are based on cell biological approaches and utilization of advanced 

microscopy methods. Some of them, such as light-sheet fluorescence microscopy (LSFM; Weber and 

Huisken, 2011; Stelzer, 2015) and Airyscan confocal laser scanning microscopy (ACLSM; Sheppard 

et al., 2016) were applied in original and unique experiments with living plant samples. Therefore, an 

appropriate way for preparation of living plants for microscopy may represent a challenge. The 

development and adaptations of appropriate protocols for plant sample preparation, at least for long-

term imaging by light-sheet fluorescence microscopy (Ovečka et al., 2015) was an integral part of the 

Ph.D. thesis as well. 
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11. Abstrakt 

Kořenové vlásky a jejich apikální růst slouží jako excelentní model pro studium polárního 

prodlužování buněk. Díky nim je rostlina stabilněji ukotvena v půdě, zvětšují povrch kořenového 

systému, což vede k efektivnějšímu příjmu vody a živin, a v neposlední řadě se podílejí na interakci 

s mikroby. Iniciace a následný polární růst kořenových vlásků je velice složitý proces, který zahrnuje 

mnoho navzájem propojených mechanismů. Mezi nezbytné děje nutné k založení a udržení polárního 

růstu kořenových vlásků patří polarizace cytoskeletu, vezikulární transport a lokalizované ukládání 

buněčné stěny v místě trichoblastu, ze kterého budoucí kořenových vlásek vyrůstá. Současný stav 

poznání, zabývající se právě procesy vývoje kořenových vlásků a jejich polárního růstu, je shrnutý 

v teoretické části této disertační práce. Hlavním cílem praktické části byla důkladná charakteristika 

dvou rozdílných mutantů (der1-3 a rhd2-1) rostlin Arabidopsis thaliana, kteří mají poruchu růstu 

kořenových vlásků. 

Mutant der1-3 („defective root hairs 1“) má bodovou mutaci v ACTIN2 genu. ACTIN2 je 

nejvíce se vyskytují isovarianta aktinu ze skupiny isovariant vegetativního aktinu. ACTIN2 je zároveň 

nezbytnou součástí mechanismu růstu kořenových vlásků. Identifikace der1-3 mutanta byla proto 

založená na vyhledávání fenotypu krátkých kořenových vlásků. Pomocí důkladného fenotypování 

rostlin, studia pletiv kořenového systému a analýz na subcelulární úrovni jsme zjistili, že mutace v 

ACT2 genu má výraznější efekt na celkový vývoj a růst rostlin, což v předchozích studiích tohoto 

mutanta popsáno nebylo. Dále pak, díky lepším růstovým parametrům, zvýšené dynamiky aktinového 

cytoskeletu a účinnější biochemické ochrany der1-3 mutanta po působení oxidativního stresu bylo 

zjištěno, že je více odolný na tento typ stresu oproti kontrolním rostlinám. Získané výsledky podpořili 

fakt, že aktinový cytoskelet nehraje roli jen při růstu a vývoji rostlin a kořenových vlásků, ale že 

ovlivňuje i reakci rostlin na oxidativní stres. To vše dohromady by mohlo mít slibný potenciál v 

budoucím zemědělském a biotechnologickém využití. 

V apikální části plazmatické membrány (PM) rostoucích kořenových vlásků A. thaliana se 

nachází NADPH oxidasa typu C, pojmenována jako „respiratory burst oxidase homolog protein 

C/ROOT HAIR-DEFECTIVE 2” (AtRBOHC/RHD2). Tato oxidasa tvoří reaktivní formy kyslíku 

(ROS), které mimo jiné udržují polární růst kořenových vlásků. Bodová mutace v RHD2 genu 

způsobuje fenotyp krátkých kořenových vlásků, čímž je rhd2-1 („root hair defective 2“) mutant 

charakteristický. V této části jsme detailně popsali časoprostorovou distribuci a dynamické vlastnosti 

transportu AtRBOHC/RHD2 proteinu do plazmatické membrány rostoucích kořenových vlásků. S 

využitím různých pokročilých mikroskopických metod a pomocí následných kvantitativních 

mikroskopických analýz, trasovaní jednotlivých kompartmentů a pomocí subcelulárních kolokalizací 

jsme popsali komplexní mechanismus transportu a recyklace AtRBOHC/RHD2 v rámci apikální PM 

během tvorby a následného apikálního růstu kořenového vlásku u Arabidopsis. 

Nová data, prezentovaná v této disertační práci, byla získána s využitím pokročilých 

mikroskopických metod pro rychlé snímání dynamických procesů (konfokální mikroskopie s 

rotujícím diskem), dlouhodobé vývojové snímání za podmínek, blížících se těm environmentálním 

(„light-sheet“ fluorescenční mikroskopie) a pro snímání s vysokým rozlišením (konfokální laserová 

skenovací mikroskopie s Airyscan detektorem). Kombinace nižší míry fototoxicity, většího rozlišení 

a vyšší rychlosti snímání v průběhu delšího časového úseku umožnila studium živých rostlin v téměř 

přirozených podmínkách, přinášející fyziologicky relevantní výsledky. 


