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Abstrakt 

Tato disertační práce je zaměřena na END-BINDING protein 1c (EB1c) a protein 

FOSFOLIPASA D ALFA 1 (PLDα1) a zahrnuje jejich vývojovou expresi a lokalizaci 

v semenáčcích Arabidopsis thaliana za použití pokročilých mikroskopických technik.  

Hlavní kořen vyšších rostlin je anatomicky definován v bočním směru existencí zástupů 

buněk v konkrétních pletivech, podélně pak přítomností odlišných vývojových zón. Pro 

rostliny specifický EB1c, který je u Arabidopsis thaliana jedním ze tří členů EB1 

proteinové rodiny, vykazuje v nedělících se buňkách kořenové špičky výraznou 

jadernou lokalizaci. Za použití moderního „light-sheet“ fluorescenčního mikroskopu 
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(LSFM) jsme kvantifikovali vývojově regulovanou expresi GFP-značeného proteinu 

EB1c, která byla kontrolována nativním EB1c promotorem. Kvantifikace byla 

provedena ve vztahu k velikosti buněčných jader v různých kořenových pletivech 

(epidermis, primární kůra, endodermis) a v jednotlivých kořenových vývojových 

zónách (meristém, přechodná a prodlužovací zóna). Naše výsledky podpořily teorii, že 

v kořenové špičce hraje přechodná zóna jedinečnou úlohu v programování buněk během 

jejich vývoje při přechodu z rychlého dělení k  diferenciaci. Kromě toho byl klonován 

fúzní konstrukt DRONPA s EB1c pod kontrolou vlastního EB1c promotoru, který byl 

přechodně transformován do listů Nicotiana benthamiana a stabilně do rostlin 

Arabidopsis thaliana. Fotoaktivační lokalizační mikroskopie (PALM) ukázala bodovou 

akumulaci EB1c-DRONPA proteinu v buněčných jádrech. 

PLDα1 protein a jeho produkt kyselina fosfatidová, hrají důležitou roli v mnoha 

fyziologických a buněčných procesech. Zaměřili jsme se na studium vývojového 

expresního vzoru a subcelulární lokalizaci tohoto proteinu za použití kombinace LSFM, 

mikroskopie se strukturovaným osvětlením (SIM), mikroskopie s rotujícím diskem a 

konfokální mikroskopie. Knock-out pldα1 mutanti, komplementovaní  fúzním 

proteinem PLDα1-YFP pod kontrolou vlastního PLDα1 promotoru, vykazovali vyšší 

akumulaci PLDα1-YFP v kořenové čepičce a ve špičkách rostoucích kořenových 

vlásků. V epidermálních buňkách listů, řapíků a hypokotylů byl PLDα1-YFP 

lokalizován v cytoplazmě, a vykazoval zvýšenou akumulaci v oblasti kortikální 

cytoplazmatické vrstvy. Nicméně v dělících se kořenových a řapíkových buňkách byl 

PLDα1-YFP obohacený v dělícím vřeténku a fragmoplastu, což naznačila jeho 

kolokalizace s mikrotubuly. Tato studie ukázala vývojově kontrolovanou expresi a 

subcelulární lokalizaci PLDα1 proteinu jak v dělících se, tak nedělících se buňkách. 
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Abstract 

This Ph.D. thesis is focused mainly on END-BINDING protein 1c (EB1c) and 

PHOSPHOLIPASE D ALPHA 1 (PLDα1) protein including their developmental 

expression and localization in Arabidopsis thaliana seedlings using advanced 

microscopy techniques. 

Primary root of higher plants is anatomically defined laterally by the existence of cell 

files in particular tissues and longitudinally by the presence of distinct developmental 

zones. Plant specific EB1c, one of the three members of EB1 protein family of 
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Arabidopsis thaliana, shows prominent nuclear localization in non-dividing cells in the 

root apex. Using advanced light-sheet fluorescence microscopy (LSFM), we quantified 

developmentally regulated expression levels of GFP-tagged EB1c protein under the 

control of native EB1c promoter. This was done in relation to the nuclear sizes in 

diverse root tissues (epidermis, cortex and endodermis) and root developmental zones 

(meristematic, transition and elongation zone). Our results supported the unique role of 

the transition root zone in the developmental cell reprogramming during the transition 

of cells from cell proliferation to cell differentiation in the developing root apex. 

Moreover, DRONPA-tagged EB1c construct under the control of EB1c native promoter 

was cloned, transiently transformed to Nicotiana benthamiana leaves and stably 

transformed to Arabidopsis thaliana plants. Photoactivation localization microscopy 

showed spot-like accumulation of EB1c-DRONPA in the nucleus. 

PLDα1 and its product phosphatidic acid play important roles in many cellular and 

physiological processes. Here we aimed to study developmental expression pattern and 

subcellular localization of PLDα1 using combination of LSFM, structured illumination 

microscopy, spinning disk and confocal microscopy. Complemented knock-out pldα1 

mutants with YFP-tagged PLDα1 under control of PLDα1 native promoter showed 

higher accumulation of PLDα1-YFP in the root cap and in tips of growing root hairs. In 

aerial parts PLDα1-YFP was localized in the cytoplasm with enhanced accumulation in 

the cortical cytoplasmic layer of epidermal non-dividing cells of leaves, petioles and 

hypocotyls. However, in dividing root and petiole cells PLDα1-YFP was enriched in 

mitotic spindles and phragmoplasts, as suggested by co-visualization with microtubules. 

This study revealed developmentally-controlled expression and subcellular localization 

of PLDα1 in dividing and non-dividing cells. 
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Aim of work 

 Summary of the recent knowledge on cytoskeleton, mitogen activated protein 

kinases, end-binding 1 focused on EB1c protein, phospholipases focused on 

PLDα1 and microscopy. 

 Developmental localization and quantification of EB1c protein in Arabidopsis 

root using light-sheet fluorescence microscopy. 

 Preparation of proEB1c::EB1c:DRONPA and its transient transformation in 

Nicotiana benthamiana leaves and stable transformation in Arabidopsis thaliana 

plants. 

 Identification and transformation of pldα1 mutant with proPLDα1::PLDα1:YFP 

construct. 

 Investigation of developmental expression pattern and subcellular localization of 

PLDα1-YFP in Arabidopsis seedlings.  
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Introduction to the cytoskeleton  

Cells of higher plants are immobile and tightly enclosed in cell walls. On the other 

hand, vigorous movements can be observed inside plant cells. The plant cytoskeleton is 

essential for these intracellular movements. In general, cytoskeleton determines shape 

and growth orientation of cells, contributes to organelle and macromolecule 

movements, and plays a crucial role in the cell division and in the programmed cell 

death (Smertenko and Franklin-Tong, 2011; Zhang and Dawe, 2011). The plant 

cytoskeleton is composed of microtubules (MTs) and actin filaments (AFs) (Wasteneys, 

2002). Both components of cytoskeleton are evolutionarily highly conserved and highly 

dynamic in living cells.  

Microtubules  

MTs in plant cells were first investigated by transmission electron microscope (TEM) 

during the 1960s (Ledbetter and Porter, 1963). They form tubular polymers of 13 

protofilaments, which are composed from two globular proteins, α- and β-tubulin 

making heterodimers. Inner diameter of MT cylinder in TEM is 14 nm while outer 

diameter is 25 nm (Tilney et al., 1973). In Arabidopsis, 6 isoforms of α- and 9 isoforms 

of β-tubulin were discovered (Kopczak et al., 1992). MT structure is polarized with a 

dynamic plus-end which ends up with β-tubulin and is responsible for most of the end-

wise growth/shrinkage of the MT, while minus-end is ending with α-tubulin.  

Plant MT systems include cortical MT arrays (Fig. 1A), the preprophase band (PPB), 

the mitotic spindle and the phragmoplast. Precise coordination of MT reorganization is 

necessary for proper cell expansion and division. Cortical MTs are located beneath the 

plasma membrane (PM) and close to the cell wall and usually form parallel arrays 

coordinated with the axis of expansion. In the G2 phase of the cell cycle, MTs create a 

cortical ring surrounding the nucleus at the equatorial plane which is called the PPB 

(Fig. 1B). PPB is the determinant of cell division plane orientation.  Decomposition of 

nuclear envelope and PPB disassembly coincide with the formation of the MT-based 

mitotic spindle. The function of the mitotic spindle (Fig. 1C) is the faithful separation 

of chromosomes. In plant cells, spindle poles are not tightly focused in the polar regions 

and this relates to the absence of defined microtubule organizing centers such as the 

centrosomes of animal cells (Baskin and Cande, 1990). At the end of anaphase, the 

mitotic spindle gives its place to the phragmoplast. The phragmoplast is bipolar and  
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Fig. 1 The schematic illustration of microtubule arrays (green) through plant cell cycle showing 

position of nuclei and chromosomes (blue). (A) Interphase cell with cortical microtubules, (B) 
cell in G2 phase with preprophase band, (C) metaphase spindle, (D) early phragmoplast, (E) 

late phragmoplast, (F) interphase G1 cells. Adapted from Wasteneys, (2002). 

built by antiparallel MT systems, in a way that plus ends are orientated towards the cell 

midplane (Fig. 1D). Phragmoplast is expanding centrifugally from the middle of the 

dividing cell to the parental cell wall and follows the plane predefined by the PPB (Fig. 

1E). After cell division, MTs are abundant at the periphery of nucleus and radiate 

toward the cell cortex. This perinuclear MT array is transient (Hasezawa et al., 2000). 

After this stage, MTs accumulate at the cell periphery in the close association with the 

PM (Fig. 1F). 

Plant MTs have been successfully visualized using both green fluorescent protein 

(GFP)-tubulin fusions (Nakamura et al., 2004) and GFP-tagged microtubule-associated 

proteins (MAPs) such as mammalian MICROTUBULE-ASSOCIATED PROTEIN 4 

(MAP4) (Marc et al., 1998), several isoforms of Arabidopsis microtubule-associated 

proteins 65 (MAP65) or members of the End-Binding 1 protein family (Van Damme et 

al., 2004). 

Actin cytoskeleton 

The actin cytoskeleton plays important roles in plant cell morphogenesis, division, 

expansion and organelle positioning. Actin cytoskeleton is a continuously re-arranging 

intracellular scaffold. Filamentous actin (F-actin) together with myosins coordinates 

cytoplasmic streaming in plant cells. Formation of F-actin network depends on the 

biochemical interactions of actin monomers and actin-binding proteins (ABPs). Actin 

filament cables and networks participate on organelle motility, vesicle trafficking, 

vacuolar morphogenesis, and regulate exocytotic vesicle delivery and fusion (Hussey at 

al., 2006). Properties of actin cytoskeleton depend also on F-actin depolymerization into 
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monomeric globular actin (G-actin). Actin filaments having diameter of 7 nm are more 

flexible than MTs and they are composed of two helical intertwined fibers with a 

"barbed" and "pointed" end. Actin filaments exhibit different dynamic properties on 

individual fiber ends (Li and Gundersen, 2008). 

Actin depolymerization can be induced several drugs from which latrunculins and 

cytochalasins are the most frequently used. Latrunculins are capable of reversible and 

rapid disruption of the actin cytoskeleton. Latrunculin B binds to the ATP-binding 

(adenosine triphosphate) pocket of G-actin and changes its structure, therefore prevents 

incorporation of such G-actin to the F-actin. The lack of free G-actin for actin 

polymerization changes ratio between G-actin and F-actin and results in actin 

depolymerization (Morton et al., 2000). Cytochalasins are capping free ends of F-actin 

which prevents the addition of G-actin, and such inhibition of polymerization causes 

actin depolymerization (Brown and Spudich, 1979). Disrupted actin cytoskeleton affects 

developmental processes like root elongation (Baluska et al., 2001), root hair formation 

(Baluska at al., 2000), trichome elongation (Mathur et al., 1999) and vesicular transport 

(Voigt at al., 2005a). 

ABPs control nucleation, polymerization, capping, severing and crosslinking of actin 

filaments (dos Remedios et al., 2003; Thomas et al., 2009; Winder and Ayscough, 

2005). G-actin can spontaneously form new actin filaments under its high concentration. 

In living cells, G-actin is prevented from spontaneous nucleation by actin-sequestering 

proteins. Constructs based on the carboxy-terminal (C-terminal) actin-binding domain 2 

of Arabidopsis fimbrin fABD2 (Sheahan et al., 2004; Voigt et al., 2005b), C-terminus 

of mouse talin which is unable to nucleate actin polymerization (Kost et al., 1998) and 

fluorescently tagged 17 amino acid actin-binding peptide known as LifeAct (Riedl et 

al., 2008; Era et al., 2009) were developed to visualize F-actin in plant cells. 

Crosslinking of actin filaments into bundles is essential for the assembly and 

stabilization of specific cytoskeletal structures. Evolutionary conserved family of actin 

bundling proteins contains two LIM domains. Actin bundles are formed by WLIM1 

proteins binding to single actin filaments and promoting their interaction and zippering 

(Hoffmann et al., 2014). 
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Introduction to mitogen activated protein kinases 

Because all plants are sessile organisms, they developed strategies to survive and adapt 

to the environment. These adaptations include dynamic changes in enzymatic activities 

and gene expression profiles. Phosphorylation of proteins is the most frequent post-

translational modification and it is performed by protein kinases. Mitogen-activated 

protein kinases (MAPKs) are organized in conserved signalling cascades which play 

important roles in signal transduction of diverse environmental conditions and hormonal 

changes across all eukaryotes (Colcombet and Hirt, 2008). Arabidopsis MAPK cascades 

are involved in signalling pathways activated by abiotic stresses such as heat, cold, 

wounding, salt, ultra violet (UV) or osmotic shock. The main activated MAPKs in 

Arabidopsis are MITOGEN-ACTIVATED PROTEIN KINASE 3 (MPK3), MITOGEN-

ACTIVATED PROTEIN KINASE 4 (MPK4) and MITOGEN-ACTIVATED 

PROTEIN KINASE 6  (MPK6) (Colcombet and Hirt, 2008) and these three kinases are 

also most studied. MAPK cascade typically consists of three kinases: mitogen-activated 

protein kinase kinase kinase (MAPKKK or MAP3K), which reversibly phosphorylates 

mitogen-activated protein kinase kinase (MAPKK or MAP2K), finally phosphorylating 

downstream MAPK (Fig. 2). MAPKKKs are serine/threonine kinases which 

phosphorylate conserved S/T-X3-5-S/T motif in the activation loop of MAPKK 

(Tanoue and Nishida, 2003). Subsequently, dual-specific MAPKKs phosphorylate both 

threonine and tyrosine residues of conserved T-X-Y motifs of MAPKs (Keshet and 

Seger, 2010). Phosphorylated MAPKs regulate activities of different targets (substrates) 

including cytoskeletal proteins (Šamajová et al., 2013), other protein kinases or 

transcription factors (Ishihama and Yoshioka, 2012). In some cases, one additional tier 

of phosphorylation includes upstream MAPKKK activators that are known as 

MAPKKK kinases (MAPKKKKs or MAP4Ks) (Keshet and Seger, 2010). Sequencing 

of Arabidopsis genome revealed over 60 putative genes for MAPKKKs, 10 for 

MAPKKs and 20 for MAPKs (Colcombet and Hirt, 2008). Since number of MAPKKKs 

is higher in comparison to MAPKKs and MAPKs there is extensive cross talk and 

redundancy in MAPK signalling (Jonak et al., 2002). Moreover, individual MAPKs can 

be activated by diverse stimuli (Lee et al., 2008) and multiple MAPKs can be activated 

by single stimulus (Andreasson and Ellis, 2010). One substrate can be also activated by 

multiple MAPKs. For example, MICROTUBULE ASSOCIATED PROTEIN 65-1 

(MAP65-1) can be phosphorylated in vitro by diverse MAPKs, mainly by MPK4 and 

MPK6 (Smertenko et al., 2006). A phosphoproteomic study identified 39 potential  
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Fig. 2 The schematic illustration of MAPK signalling cascade. PM – plasma membrane. 
Adapted from Smékalová et al., (2014). 

substrates of MPK6 and 48 substrates of MPK3 while 26 of them were common for 

both kinases (Feilner et al., 2005). 

MAPKs play important role as key regulators of plant cytokinesis by regulation of 

phragmoplast MTs. The MAP65-1 protein, which bundles antiparallel MTs by forming 

25 nm dimeric cross-bridges, is active in all cell division stages excluding prometaphase 

and metaphase. Activity of MAP65-1 is strictly controlled and this control is provided 

by phosphorylation which lowers its affinity for the microtubule surface (Smertenko et 

al., 2006). MAP65-1 binds to the PPB, however, as the PPB disassembles, protein 

becomes mainly cytoplasmic (Smertenko et al., 2004). During prometaphase and 

metaphase, MAP65-1 is hyperphosphorylated by cyclin-dependent kinase (CDK), 

MPK4 and MPK6 (Smertenko et al., 2006; Sasabe et al., 2011). This phosphorylation 

inhibits MAP65-1 activity and prevents its binding to the mitotic spindle. As the 

chromosomes are separated, MAP65-1 associates with MTs again in anaphase and it is 

strictly localized in the midzone of spindle and in the midzone of phragmoplast during 

telophase (Smertenko et al., 2004). Furthermore, interactions between MPK6, MAP65-1 

and MTs were confirmed by co-immunoprecipitation assays and quantitative co-

localization studies (Smékalová et al., 2014). Moreover, expression of non 
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phosphorylatable MAP65-1 caused accumulation of MTs in metaphase spindle midzone 

and delay from metaphase to anaphase transition (Smertenko et al., 2006). These results 

confirm that MAP65-1 dynamically interacts with MTs, its activity is regulated in a cell 

cycle-dependent manner and is inhibited by phosphorylation provided by MAPKs. 

Next, MAP65-1 dependent modulation of MTs organization is controlled and affected 

by binding of MAP65-1 to phosphatidic acid (PA). Thus PA, as a product of 

PHOSPHOLIPASE D ALPHA 1 (PLDα1), regulates MAP65-1 during plant response to 

the salt stress (Zhang et al., 2012). In this case, PLDα1 seems to be related to the both 

MAPKs and cytoskeleton. However, direct functional regulation of PLDα1 by 

reversible MAPK-dependent phosphorylation was not reported so far. Using in silico 

prediction approach with Group-based Prediction System ver. 2.1 (Xue et al., 2011), 

PLDα1 was significantly deemed to contain Pro directed Ser/Thr motif (SP-motif) with 

serine at the position 481 which can serve as a potential MAPK phosphorylation site. 

Assistance in silico predictions identified other potential cytoskeletal proteins, which 

are activated by MAPK phosphorylation. Among others, END-BINDING 1 c (EB1c) 

protein was identified as a potential target of MAPKs (Šamajová et al., 2013). 

Substrates of MAPKs require two sequential motives (Bardwell et al., 2009). The first 

one is docking motif (D-domain), which is responsible for interaction with MAPKs, and 

the second one is SP-motif. EB1c contains five SP-motifs and one D-domain with 

KRKLIVNLDV sequence (Šamajová et al., 2013). In 2015, interaction and 

phosphorylation of EB1c by MPK6 was confirmed by immunopurification of EB1c-

GFP and in vitro kinase assay (Kohoutová et al., 2015). 

General introduction to Arabidopsis root 

Primary root (Fig. 3) of higher plants is anatomically defined in lateral direction by the 

existence of distinct cell files forming individual tissues such as epidermis (also called 

rhizodermis), representing the outer root layer, cortex, endodermis, pericycle and stele 

containing phloem, procambium, metaxylem and protoxylem. All these tissues originate 

from stem cells surrounding the root quiescent center (Weigel and Jurgens, 2002). In 

addition, root tip is protected by root cap consisting of columella and lateral root cap 

cells. Longitudinally, root is defined by occurrence of distinct developmental zones 

such as meristematic region which is followed by post-mitotic transition, elongation and 

differentiation zones (Verbelen et al., 2006; Baluška and Mancuso, 2013).  
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Fig. 3 Longitudinal and radial organization of Arabidopsis root. Root zonation into individual 

developmental zones consisting of meristematic, transition, elongation and differentiation 
zones. Radial section of root in the differentiation zone. Adapted from De Smet et al., (2015). 

The meristematic zone is defined by successive cell divisions of actively dividing cells 

(van der Weele et al., 2003). The transition zone is interpolated between the 

meristematic and the elongation zone (Baluška et al., 1990). Cells of this zone exhibit 

unique physiological behaviors including hormone fluxes, oscillations of ions and 

specific patterns of gene expression (Benková and Hejatko, 2009; McLamore et al., 

2010; Baluška and Mancuso, 2013). In the elongation zone, cells are switching from 

mitotic to endoreduplication cycles and increase deoxyribonucleic acid (DNA) amount 

in their nuclei (Hayashi et al., 2013). This switch from mitosis to endoreduplication 

causes inactivation of mitotic CDKs (Adachi et al., 2011). 
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Introduction to EB1c 

Microtubule plus-end tracking proteins 

MT plus-end tracking proteins (+TIPs) are conserved proteins in eukaryotes and 

regulate MTs plus-end dynamics (Jiang and Akhmanova, 2011). First identified +TIPs 

were plant proteins from End-Binding 1 (EB1) family (Chan et al., 2003). 

EB1 

The EB1 protein family represents a typical example of +TIPs. EB1 proteins regulate 

spindle MT dynamics (Draviam et al., 2006), serve for recruitment of other +TIPs 

(Akhmanova and Steinmetz, 2008) and might be targeted to kinetochores (Tirnauer et 

al., 2002). They are composed of C-terminal EB1 unique homology domain (EBH) 

responsible for EB1 dimerization and interaction with other proteins. Moreover, C-

terminal part contains autoinhibitory domain interacting with amino-terminal (N-

terminal) calponin-homology (CH) domain (Hayashi et al., 2005) which is also 

responsible for the interaction with MTs (Komarova et al., 2009). 

Arabidopsis genome encodes three EB1 proteins, namely END-BINDING 1 a (EB1a) 

(At3g47690), END-BINDING 1 b (EB1b) (At5g62500) and EB1c (At5g67270) 

(Bisgrove et al., 2008). EB1a and EB1b are typical members of MTs +TIPs. When 

fused with GFP under the control of native promotor, all EB1 members localize to 

mitotic spindle and phragmoplast, however, only EB1a and EB1b decorate the plus ends 

of cortical MTs during the interphase (Chan et al., 2003; Mathur et al., 2003; Komaki et 

al., 2010). In contrast, EB1c shows nuclear localization during the interphase and seems 

to have some different functions (Bisgrove et al., 2008; Komaki et al., 2010). EB1a and 

EB1b share 78% identity at amino acid (AA) level. EB1c shares only 49% homology 

with EB1a and EB1b (Bisgrove et al., 2008). EB1a and EB1b, but not EB1c, possess 

acidic AA residues on C-terminal tail showing autoinhibitory function. EB1a and EB1b 

can form both homodimers and heterodimers. 

EB1c  

Plant specific EB1c of Arabidopsis thaliana (Fig. 4) shows prominent nuclear 

localization in non-dividing interphase and post-cytokinetic cells of root apex (Komaki 

et al., 2010, Novák et al., 2016). In comparison to EB1a and EB1b, C-terminal part of 

EB1c contains nuclear localization sequence (NLS) including basic residues and protein  
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Fig. 4 Graphical depiction of EB1c protein with its domains. CH – calponin homology domain 

responsible for the interaction with MTs, EBH – EB1 unique homology domain responsible for 

dimerization and interaction with other proteins, S162/163/198/271/307 – SP motifs with serine 
which can serve as potential mitogen-activated protein kinase (MAPK) phosphorylation site, D-

domain in position 289-299 is responsible for interaction with MAPKs, NLS – nuclear 

localization sequences with basic residues in positions 289-291 and 309-311. Created with IBS 

software (http://ibs.biocuckoo.org/). 

becomes actively transported to the nucleus at the end of cytokinesis (Bisgrove et al., 

2008). EB1c forms only homodimers. In addition, EB1c contains five SP-motives at 

positions 162, 163, 198, 271 and 307 and one D-domain motif KRKLIVNLDV at 

positions 289-298 which is targeted by protein kinases implicated in the cell cycle 

including MAPK and CDK (Šamajová et al., 2013). It is known that proteins from 

animal EB1 family are regulated by phosphorylation (Tamura and Draviam, 2012). 

Recently, interaction between EB1c and MAPK called MPK6 was shown in plants 

(Kohoutová et al., 2015). Knock-out (KO) eb1c (mutant of END-BINDING 1 c) 

mutants are hypersensitive to MT disrupting drugs (Bisgrove et al., 2008) and show 

fragmented phragmoplasts and collapsed spindles more frequently than double eb1a 

eb1b (mutant of END-BINDING 1 a and END-BINDING 1 b) mutants (Komaki et al., 

2010). This effect is more pronounced after treatment with oryzalin, a MT 

depolymerizing drug. Altogether, these data indicate that EB1c plays important role in 

chromosome segregation in plants. 

Introduction to phospholipases  

Lipases are serine hydrolases defined as triacylglycerol acyl hydrolases (E.C. 3.1.1.3.) 

widespread in nature (Casas-Godoy et al., 2012). Lipases catalyze hydrolysis of the 

ester bond of mono-, di- and tri-glycerides into glycerol and fatty acid. 

http://ibs.biocuckoo.org/
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Phospholipases  

Phospholipids are major components of all biological membranes in all living 

organisms. Phospholipases (PLs) can cleave various bonds in phospholipids, and they 

are widespread in nature. PLs are divided to four major classes: A (subdivided in A1 

and A2), B, C and D. These classes are distinguished by the type of catalytic reaction 

(Fig. 5).  The phospholipases A (PLA1 and PLA2) produce free fatty acid and 1-acyl 

lysophospholipid or 2-acyl lysophospolipid, respectively. Phospholipase B (PLB) 

cleaves fatty acid linked to the lysophospholipid (it is also named lysophospholipase). 

Phospholipase C (PLC) cleaves glycerophosphate bond like phosphodiesterase while 

phospholipase D (PLD) cleaves phosphodieteric bond (phosphorus-oxygen) after the 

phosphate. PLs A1, A2, C and D have been partially characterized in plants (Wang, 

2001). They play important roles in cellular regulations, lipid degradation and 

membrane lipid remodeling (Wang, 2004). These cellular regulations include signalling, 

responses to drought (Sang et al., 2001), salt (Hong et al., 2008) and other abiotic and 

biotic stresses, vesicular trafficking, secretion, stomatal opening and closure (Jiang et 

al., 2014), cytoskeletal remodeling (Zhang et al., 2012) and promoting pollen tube 

growth. Furthermore, some phospholipases are involved in biosynthesis of storage 

lipids like triacylglycerol.  

PLA  

PLA hydrolyzes phospholipids to produce free fatty acids and lysophospholipids. PLA 

generated free fatty acid such as linolenic acid can be converted into oxylipin 

compounds such as jasmonic acid (JA) and its derivatives. Generally, PLA products 

play important roles in several biological processes including cell elongation, 

biosynthesis of JA and gravitropism. PLA superfamily has two subtypes, namely PLA1 

and PLA2. Twelve isoforms of PLA1 and four of PLA2 have been identified in 

Arabidopsis genome (Ryu, 2004).  

PLC  

PLC hydrolyzes phospholipids to produce phosphorylated head group and 

diacylglycerol (DAG). Plants have three different groups of PLCs. In Arabidopsis, the 

first one is nonspecific PLC (NPC with 6 members), the second one is 

phosphoinositide-specific PLC (PI-PLC with 9 members) and the third one is 

glycosylphosphatidylinositol PLC (GPI-PLC, GPI-PLD activity has not been 

characterized in plants) (Nakamura et al., 2005; Peters et al., 2010). NPC hydrolyzes  
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Fig. 5 Hydrolysis of phospholipids by phospholipases PLA1, PLA2, PLB, PLC and PLD. 
Arrows shows sites of cleavage. R1 and R2 represent hydrophobic fatty acid tail, X represent 

hydrophilic head group of phospholipids. Adapted from Aloulou et al., (2012). 

ordinary membrane phospholipids like phophatidylcholine (PC) and 

phosphatidylethanolamine (PE), PI-PLC hydrolyzes phosphoinositides and GPI-PLC 

hydrolyzes GPI-anchored proteins (Wang, 2001). PA can be formed by combination of 

PLC and diacylglycerolkinase (DGK with 7 members in Arabidopsis). DAG can be 

produced by PI-PLC and NPC. Further, DGK phosphorylates DAG to the PA (Arisz et 

al., 2009).  

PLD  

Family of PLD enzymes (E.C. 3.1.4.4.) represents the main group of membrane 

phospholipid enzymes in plants. PLDs catalyze the hydrolysis of structural 

glycerophospholipids, e.g. PC, PE and phosphatidylglycerol (PG) as substrates (Pappan 

et al., 1998) to produce membrane-derived secondary messenger PA. This process of 

transphosphatidylation of water producing PA, also produces free soluble head group 

e.g. choline or ethanolamine, respectively (Munnik and Musgrave, 2001). Genome of 

the Arabidopsis thaliana contains twelve PLD genes in comparison to only two genes in 

animals and one in yeast (Eliáš et al., 2002; Wang et al., 2012). Plant PLDs can be 

subdivided to six classes:  α (α1, α2, α3), β (β1, β2), γ (γ1, γ2, γ3), δ, ε and ζ (ζ1, ζ2) 
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based on their gene architecture, domain structures, sequence similarities, protein 

sequence homology and biochemical properties (Qin and Wang, 2002).  

PA  

PA is minor phospholipid in Arabidopsis membranes, constituting approximately 1% of 

total phospholipids. Nevertheless, PA level can change dramatically in response to 

stimuli, such as wounding or pathogen attack. PA is present in all membranes of living 

cells. The largest PA pool in the plant cells is located in endoplasmic reticulum (ER), 

followed by chloroplast and mitochondria (Testerink and Munnik, 2011). PA is 

composed from various species with different length of carbon chain and number of 

double bonds. The major PA carbon chains in Arabidopsis are 16:0-18:2; 16:0-18:3; 

18:2-18:2; 18:2-18:3 and 18:3-18:3 (Hong et al., 2010). These differences in acyl 

species affect properties of PA interactions with different proteins. PA has been 

reported to bind to protein phosphatases, protein kinases, lipid kinases, transcription 

factors, and proteins involved in cytoskeletal remodeling and vesicular trafficking. The 

formation of PA and other signalling lipids in response to stress is transient. The 

enzymes, that break PA down are equally important for its signalling function as those 

which are involved in PA synthesis (Testerink and Munnik, 2011). Enzymes, 

dephosphorylating PA include lipid phosphate phosphatases and PA hydrolases acting 

on phosphoric monoester bonds. On the other hand, PA can be phosphorylated by PA 

kinase (van Schooten et al., 2006). It is also important to mention that PA is not only 

signalling molecule, but it is an important intermediate of lipid biosynthesis. Data 

indicate that the PA signal transduction is mediated by PA binding to specific protein 

targets (Testerink and Munnik, 2005). This PA binding regulates protein activity and 

conformational changes (Testerink and Munnik, 2005).  In addition, local accumulation 

of PA has strong effect on membrane curvature and surface charge (Kooijman et al., 

2003). 

Reaction catalyzed by PLD  

The transphosphatidylation reaction is catalyzed in two steps. In the first step, the head 

group is removed, and in the second one, covalent phosphatidyl-PLD product is formed 

between histidine nucleophile residue (in one HKD motif) and phosphorus. Histidine 

residue from second HKD motif acts as general acid in the cleavage of phosphodiester 

bond (Stuckey and Dixon, 1999). PLD catalyzes transphosphatidylation reaction in the 

presence of primary alcohol. This reaction is unique to PLD and can be used for 

https://en.wikipedia.org/wiki/Ester
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identification of enzyme activity in vivo. Phosphatidyl moiety is transferred to a primary 

alcohol (R-OH), such as 1-buthanol to produce phosphatidylbuthanol (Heller, 1978; 

Quarles and Dawson, 1969). Formation of the phosphatidylalcohol can be used like an 

indicator for PLD activity while alcohol treatments have been used to investigate PLD 

function. Production of PA is activated in stress responses by both PLDs and PLC while 

DGK also contributes to PA production (Meijer and Munnik, 2003). 

The presence of high concentration of Ca
2+

 (millimolar concentration) and acidic pH are 

essential for in vitro activation of PLDα class but it does not require inclusion of 

phosphatidylinositolbisphosphate (PIP2) in the lipid substrate. Ca
2+

 requirement by 

PLDα1 is similar to physiological conditions. PHOSPHOLIPASE D BETA (PLDβ) and 

PHOSPHOLIPASE D GAMMA (PLDγ) classes require PIP2, neutral pH and 

micromolar concentration of Ca
2+

 in vitro. PHOSPHOLIPASE D DELTA (PLDδ) is 

PIP2 independent, active at micromolar to millimolar concentrations of Ca
2+

 at neutral 

pH, and it is stimulated by free monounsaturated fatty acid oleate (Qin et al., 2002). 

PHOSPHOLIPASE D EPSILON (PLDε) is active at similar conditions to PLDα1 and 

PLDδ, and it requires oleic acid for activity with micromolar concentration of Ca
2+

 

(Hong et al., 2009).  In contrast, two members of PHOSPHOLIPASE D ZETA (PLDζ) 

class do not require Ca
2+

 but they require neutral pH and PIP2 (Qin and Wang, 2002). In 

plants, PLD activity is also regulated by α-subunits of heterotrimeric G-proteins (Lein 

and Saalbach, 2001) and by actin cytoskeleton (Kusner et al., 2003). Requirements of 

PLDs and their distinct biochemical properties are summarized in Tab. 1.  

PLD subclasses  

PLDα  

PHOSPHOLIPASE D ALPHA 2 (PLDα2) is much more similar to PLDα1 than 

PHOSPHOLIPASE D ALPHA 3 (PLDα3) in terms of sequence and expression pattern 

while expression level of PLDα1 is much higher than PLDα3. PLDα3 enhances root 

growth under hyperosmotic stress and plays a positive role during salt and drought 

stress (Hong et al., 2008). KO mutant of PHOSPHOLIPASE D ALPHA 3 (pldα3) 

plants are more sensitive to hyperosmotic stress caused by salinity in comparison to 

PLDα1 overexpressing (OE) plants. Under water deficiency and salt stress pldα3 

mutants show reduced root growth. Moreover, these mutants exhibit delayed flowering. 

Opposite situation is in OE PLDα3 plants showing early flowering enabling to complete 

life cycle earlier (Hong et al., 2008).  
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Tab. 1 Requirements of Arabidopsis PLDs and their substrate preferences. 

Type Group Ca
2+

 pH PIP2 Substrate 

preference Requirement 

C2 PLDs PLDα1 mM acidic no PC>PE 

PLDα2 mM acidic no PC=PE 

PLDα3 mM acidic no PC<PE 

PLDβ1 µM neutral yes PC=PE 

PLDβ2 µM neutral yes PC=PE 

PLDγ1 µM neutral yes PC<PE 

PLDγ2 µM neutral yes PC<PE 

PLDγ3 µM neutral yes PC<PE 

PLDδ µM<mM neutral no PE>PC 

PLDε mM acidic/neutral no PC>PE>PG 

PX PH PLDs PLDζ1 no neutral yes PC 

PLDζ2 no neutral yes PC 

PLDδ  

It has been shown that membrane-bound PLDδ is activated in response to H2O2 

produced after salt and dehydration stress. This suggests that PLDδ plays an important 

role in the protection of cells against damage by reactive oxygen species (ROS) (Zhang 

et al., 2003). 

PLDε  

PLDε is mainly associated with PM and is active under similar conditions to PLDα1, 

PLDβ and PLDδ (Hong et al., 2009). The expression level of PLDε is much lower than 

for PLDα1. KO pldε (mutant of PHOSPHOLIPASE D EPSILON) mutants exhibit 50% 

of PA level in comparison to the wild type. They show shorter lateral roots. In contrast, 

OE PLDε plants display better root growth as wild type, and they have higher biomass 

production (Hong et al., 2009).  

PLD protein domains  

Most PLD enzymes in eukaryotes possess at N-terminus calcium-dependent 

phospholipid-binding domain (C2), whereas mammalian and plant members of PLDζ 

contain Phox Homology (PX) and Pleckstrin Homology (PH) domains responsible for 

lipid binding. Characteristic active site at C-terminus consists of two duplicated and 

conserved HxKxxxxD domains (HKD) essential for lipase activity (Bargmann and 

Munnik, 2006). Both HKD motifs interact with each other to form the reactive center 

and they are separated by more than 300 AA in Arabidopsis (Qin and Wang, 2002). 

Point mutations of conserved histidines to asparagines in the HKD motifs uncovered 
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that these residues are critical for enzyme reactivity (Gottlin et al., 1998). PLDs in 

Arabidopsis can be subdivided into two groups. Ten PLDs (from subfamilies α, β, γ, δ 

and ε) contain C2 domain while two (from subfamily ζ) share more homology with 

mammalian and yeast PLDs and contain PX and PH lipid-binding domains. PX and PH 

domains mediate binding of PLDs to the membrane where they are linked to 

polyphosphoinositide signalling (van Leeuwen et al., 2004). Moreover, C2 PH and PX 

domains are implicated in protein-protein interactions while C2 domain binds Ca
2+

 and 

phospholipids. This C2 domain consists of about 130 AA. Studies on mammalian PLDs 

proved that the PX domain is more critical for PLD activity in comparison to the PH 

domain. These results were obtained by deletion studies (Sung et al., 1999a; Sung et al., 

1999b). 

According to their functional domains PLDs can be subdivided into two groups (Fig. 6): 

the Pleckstrin homology and Phox homology domain-containing PLDs (PX/PH-PLDs) 

and the calcium-dependent phospholipid binding domain-containing PLDs (C2-PLDs) 

(Hong et al., 2016). Interestingly, PLDβ1 contains actin binding site which is located 

after second HKD motif (Kusner et al., 2002). PLDα1 protein contains DRY homologue 

motif (between AA residues 562 and 586) interacting with small G alpha protein and 

stimulating its GTPase activity (Zhao and Wang, 2004). Finally, PLDδ contains oleate-

binding domain which is located after the first HKD motif (Wang and Wang, 2001). 

PLD substrates  

PLDs with C2 domains mainly utilize these substrates: PC, PE and PG (Qin and Wang, 

2002). PLDα1, α3 and ε prefer PC and PE. PLDδ and γ1 prefer PE before PC. PLDα3 

and PLDε can hydrolyze phosphatidylserine (PS) with low activity (Hong et al., 2008; 

Hong et al., 2009). Phosphatidylinositol activity has not been detected in the case of 

Arabidopsis PLDs tested in vitro (Li et al., 2009). PLDs with PX and PH domains 

mainly utilize PC as substrate (Qin and Wang, 2002). 

PLD localization  

PLDα1 is the most abundant PLD and its expression and subcellular localization is 

developmentally controlled (Fan et al., 1999). PLDα1 fluorescently tagged with 

YELLOW FLUORESCENT PROTEIN (YFP) and expressed under native promoter 

showed accumulation in the root cap and epidermis with considerably higher expression 

in thichoblasts before and during root hair formation and growth. PLDα1-YFP  
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Fig. 6 Functional domains of PLDs. Each PLD contains two HKD catalytic domains in C-

terminus. PLDα, -β, -γ, -δ and -ε possess C2 domain, whereas PLDζ and mammalian PLDs 

contain PX and PH domains. Adapted from Bargmann and Munnik (2006). 

accumulated mainly in tips of growing root hairs. In root cap cells and in cells of root 

transition zone PLDα1-YFP showed cytoplasmic subcellular localization. In aerial parts 

of plants it was also localized in the cytoplasm showing enhanced accumulation in the 

cortical cytoplasmic layer of epidermal non-dividing cells of hypocotyls, leaves and leaf 

petioles (Novák et al., 2018). PLDγ was detected in the PM, intracellular membrane, 

nuclear and mitochondrial subcellular fractions of Arabidopsis leaves (Fan et al., 1999). 

PLDζ2 is localized to the tonoplast (Yamaryo et al., 2008) while PLDα3, PLDδ and 

PLDε are associated with the PM (Hong et al., 2009; Hong et al., 2008).  

PLD interactions  

PLDs interact with different proteins. These proteins regulate PLD activity, localization 

and function. Arabidopsis PLDα1 interacts with heterotrimeric Gα protein to mediate 

abscisic acid (ABA) signalling (Zhao and Wang, 2004; Mishra et al., 2006). Oxidative 

stress promotes PLDδ and glyceraldehyde-3-phosphate dehydrogenase interaction. This 

interaction can increase activity of PLDδ and promotes ABA induced stomatal closure 

(Kim et al., 2013). PLDs also interact with cytoskeleton. PLDδ has been identified as 

protein binding cortical microtubules and actin 7 in pull-down assay (Ho et al., 2009; 

Andreeva et al., 2009).  

PLDs and plant hormones  

ABA  

ABA as an important phytohormone plays roles in responses to various stresses 

including drought, cold and salinity. ABA promotes stomatal closure during water 

deficiency, and it is involved in seed dormancy and plant senescence. PLDs are also 

involved in all these processes (Fan et al., 1997; Sang et al., 2001; Zhang et al., 2004). 

In this respect, ABA induced stomatal closure in Arabidopsis thaliana ecotype 

Columbia-0 (Col-0) plants was impaired in pldα1 (knock-out mutant of 
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PHOSPHOLIPASE D ALPHA 1) mutants (Jiang et al., 2014, Novák et al., 2018). 

Zhang et al. (2009) created model in which ABA induced PLDα1 activity and its 

product PA stimulate NADPH oxidase activity. Subsequently, NADPH oxidase 

produces H2O2 which regulates stomata activity trough NO, finally leading to the 

stomatal closure. pldα1 mutants failed in stomatal H2O2 production in response to ABA. 

SA  

Salicylic acid (SA) plays important roles in plant senescence, flowering, germination, 

pathogen attack and thermotolerance. SA induces PLD activation in Arabidopsis cell 

suspensions after 45 min and causes PA accumulation. Incubation of these cells with 

primary alcohols abolished this PLD activation and PA accumulation, and inhibited SA-

responsive genes such as PATHOGENESIS-RELATED1 and WRKY38 (Krinke et al., 

2009). According to these results, PLD activity is upstream of the SA responsive genes. 

SA also induced PLD-dependent production of PA, resulting in activation of NADPH-

oxidase and H2O2 production which caused stomatal closure. Again this can be inhibited 

by treatment with 1-buthanol (Kalachova et al., 2013).  

PLDs and wounding  

Plant wounding can be induced by many factors. It can be triggered by herbivores, 

freezing, pathogen attack or by strong wind. All these factors cause loss of cell 

membrane integrity and increase level of PA. Such wounding-induced high PA levels 

are significantly reduced in PLDα1 silenced or pldα1 KO plants, which also leads to 

diminished JA production (Wang et al., 2000). PA produced in response to wounding 

serves as a precursor for JA synthesis.  

PLDs and phosphate starvation  

The phosphorus in phospholipids can serve as phosphate reserve in plant cells. During 

phosphate starvation membrane phospholipids are replaced by glycolipids (Andersson 

et al., 2005). The main involvement in phosphate starvation displays PLDζ subclass (Li 

et al., 2006). PA produced by PLDζ2 is dephosphorylated by PA-phosphatase, Pi is 

released and DAG is produced as a precursor for galactolipid synthesis (Cruz-Ramírez 

et al., 2006).  

PLDs, pathogens and symbionts  

PLDs and PA are involved in plant immunity and resistance against pathogens. Rice 

PLDα1 is recruited to the plasma membrane during pathogen Xanthomonas oryzae 
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attack (Young et al., 1996). pldα1 mutants display enhanced resistance to pathogenic 

fungi powdery mildew in comparison to pldδ (knock-out mutant of PHOSPHOLIPASE 

D DELTA) showing enhanced susceptibility. pldα1/δ (double knock-out mutant of 

PHOSPHOLIPASE D ALPHA 1 and PHOSPHOLIPASE D DELTA) shows similar 

fungal resistance as pldα1 mutant, while GFP-tagged PLDδ accumulated at the PM 

around fungal penetration site (Zhang et al., 2018).  

In Arabidopsis, fungus Piriformospora indica colonizes roots and promotes roots 

growth. This process requires PA, which activates 3-PHOSPHOINOSITIDE-

DEPENDENT PROTEIN KINASE1 activating Oxidative Signal inducible 1 signalling 

pathway.  This signalling cascade is completely impaired in pldα1/δ double mutant 

where PA is not produced (Camehl et al., 2011).  

PLDα1 

Arabidopsis PLDα1 protein (AT3G15730) contain C2 lipid binding domain on N-

terminus (position 1-110 in AA sequence) and two HKD domains responsible for lipase 

activity (position 327-366 and 656-683 in AA sequence). According to PhosPhAt 4.0 

database (Durek et al., 2010) SP-motif at position 481 can serve as potential MAPK 

phosphorylation site (Fig 7). PLDα1 is active in the presence of 20-100 mM Ca
2+

, by 

adding detergents it can be lowered to 5mM Ca
2+

. N-acylethanolamines (NAEs) are 

endogenous inhibitors of PLDα1 (Motes et al., 2005). These NAEs can by potentially 

produced by PLDγ and PLDβ (Austin-Brown and Chapman, 2002).  

In response to plant wounding, e.g. after herbivore attack, PLDα1 is activated in cells 

and its product PA plays very important role (Wang, 2000).  KO pldα1 mutant exhibits 

reduced production of PA while PA production is completely eliminated in double 

pldα1/δ mutant. Surprisingly, JA biosynthesis was not affected in this double pldα1/δ 

mutant (Bargmann et al., 2009a). Abundance of PLDα1 was decreased after 

wortmannin treatment in Arabidopsis roots (Takáč et al., 2012). Wortmannin inhibits 

phosphatidyl inositol kinases and causes clustering and fusion of multivesicular bodies 

and trans-Golgi network which results in the inhibition of vacuolar trafficking.  

PA, as product of PLD, regulates MAP65-1 in response to the salt stress (Zhang et al., 

2012). MAP65-1 protein forms 25 nm cross-bridges between MTs during their bundling 

(Smertenko et al., 2004). This protein binds to PA localized at the plasma membrane, 

and enhances MTs polymerization and bundling. Under normal conditions, wild type 
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Fig. 7 Graphical depiction of PLDα1 protein with its domains. C2 – calcium-dependent lipid-

binding domain, HKD – HxKxxxxD domains essential for lipase activity, S481 – SP motif with 

serine at the position 481 which can serve as potential MAPK phosphorylation site. Created 

with IBS software (http://ibs.biocuckoo.org/). 

and pldα1 showed no obvious differences in MT organization and density. Salt stress 

affects association of MTs and MAP65-1 leading to MTs disorganization in the pldα1 

mutant. This process can be alleviated by adding PA (16:0-18:2). Treatment with 1-

butanol (0.4%) or co-treatment with 1-butanol (0.1%) and NaCl led to MTs 

depolymerization in wild type and pldα1 mutant. This process can be also alleviated by 

adding PA. By contrast, 2-butanol, which is not PLDα1 substrate, has no effect on MTs 

(Zhang et al., 2012). MAP65-1 binds to PA with fatty acid chains 16:0-18:1; 16:0-18:2; 

18:0-18:1 and 18:0-18:2. Thus, PA produced by PLDα1 binds to MAP65-1 which leads 

to MTs polymerization and stabilization and increase salt tolerance, but PLDα1 itself 

does not bind to MTs or MAP65-1 (Zhang et al., 2012). Mutation of the PA-binding 

domain of MAP65-1 resulted in destabilization of cortical MTs and enhanced cell death 

under salt stress (Zhang et al., 2012). Moreover, overexpression of MAP65-1 improves 

NaCl tolerance of Arabidopsis cells, which is more obvious in the wild type than in the 

pldα1 mutant. On the other hand, double pldα1 x map65-1 mutant (double knock-out 

mutant of PHOSPHOLIPASE D ALPHA 1 and MICROTUBULE ASSOCIATED 

PROTEIN 65-1) showed greater sensitivity to NaCl in comparison to single mutants 

(Zhang et al., 2012).  

During NaCl exposure, Na
+
 ions enter root, which leads to signalling response. MAPK 

called MPK6 has been identified as target of PA in response to salinity while pldα1 

mutant showed lower level of MPK6 activity. PA binds and stimulates MPK6 which 

inhibits MAP65-1 activity through phosphorylation (Yu et al., 2010). MAP65-1 

inhibition results in less prominent MT bundling, (Smertenko et al., 2006; Beck et al., 

http://ibs.biocuckoo.org/
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2010) which might cause MT disorganization after stress exposure. On the other hand, 

PA also binds to MAP65-1 and increases MT polymerization activity (Zhang et al., 

2012). In Arabidopsis, MAP65-1 contains two microtubule binding domains, MTB1 

and MTB2 (Smertenko et al., 2008). MTB2 harbors the phosphorylation sites (from 495 

to 587 residues) which controls MAP65-1 activity (Smertenko et al., 2006; Smertenko 

et al., 2008). The PA binding domains in MAP65-1 (from 1 to 150 and from 340 to 494 

residues) are different from microtubule binding domains (Zhang et al., 2012), which 

suggest that MAP65-1 regulations by MAPKs and PA are different.  

Introduction to microscopy 

Widefield epifluorescence microscopy 

The simplest method for imaging fluorescently labeled samples is widefield 

epifluorescence microscopy. This method is cost-effective and can be easily adapted for 

in vitro and in vivo analysis. Speed of imaging depends on numerical aperture (NA) of 

objective, properties of camera and fluorophore spectral properties. Resolution of 

widefield microscopy is limited by the Abbe diffraction limit: d = λ / 2n sinθ (λ = 

wavelength, n sinθ = NA). For example, for green light fluorophore with wavelength 

about 500 nm and objective with NA=1, the Abbe limit is roughly 250 nm. Another 

limitation for microscopy is signal-to-noise ratio (SNR) during sample imaging. 

Widefield microscopy is characteristic by relatively low SNR. 

Confocal laser scanning microscopy 

Fluorescent objects outside the focal plane produce high levels of background signal. 

Therefore, optical sectioning techniques have been developed to reduce this out-of-

focus signal and confocal laser scanning microscopy (CLSM) significantly reduces the 

unspecific background caused by out-of-focus light (Fig. 8). This method has high SNR 

and improves resolution as compared to widefield fluorescence microscopy. Another 

advantage of CLSM is depth of imaging. CLSM platforms use point illumination with 

focused laser beam scanning across the sample in order to construct an image. Pinhole 

in front of detector is used to eliminate out-of-focus illumination. Optimal aperture of 

pinhole depends on NA of objective and spectral characteristics of the fluorophore. An 

increased resolution is at the cost of decreased signal intensity because much of 

fluorescence signal from sample is blocked at the pinhole. Considering the speed of 

CLSM, it is the best technique for non-dynamic processes or fixed samples.  
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Fig. 8 Diagram of confocal microscope principle. Full yellow lines show focused light pathway 

passing through pinhole aperture, while discontinuous lines show out-of-focus light pathway 
blocked at pinhole. Adapted from Cox, (2002). 

In comparison to CLSM, image acquisition speeds can be increased using spinning disk 

microscopy. 

Spinning disk microscopy 

Nipkow disk developed by Paul Nipkow in 1884 is central part of all modern spinning 

disk confocal microscopes. The disk design was significantly improved by Yokogawa 

Corp. This disk rotates and contains multiple pinholes which are designed to cover 

every location of an image. While most light does not pass the disk, the light going 

through the pinholes forms an array of minibeams corresponding to the pinhole pattern. 

In the Yokogawa design, the module includes a disk with 20 000 pinholes, which are 

helically arranged to cover entire field of view during rotation. In the microscope is also 

second disk with microlenses which directs light to pinholes. If disk rotates with 1800 

rpm, 360 full frames are acquired per second (Gräf et al., 2005). If coupled with charge-

coupled device (CCD) or complementary metal–oxide–semiconductor (sCMOS) 

cameras it is an optimal microscopy system for near widefield sample exposure, and it 

is speeding up the acquisition times to the limits which are set bycamera exposure 

times. Therefore spinning disk microscope can document very fast processes while 

parallel dual channel acquisition is also possible. 
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Fig. 9 Schematic organization of light-sheet fluorescence microscope. It describes the 

arrangement of sample the in tube, illumination objectives for generation of light-sheet and the 
acquisition of the image by detection objective, all arranged in the observation chamber. 

Adapted from Ovečka et al., (2015). 

Light-sheet fluorescence microscopy 

Light-sheet fluorescence microscopy (LSFM) combines advantages of fast widefield 

microscopes with 4D imaging. The primary goal of LSFM is to work under conditions 

that are close to the conditions in nature (Maizel et al., 2011). Seeds or seedlings are 

placed on solid medium in the glass capillary, plastic tube or directly on its surface. 

Sample capillary is oriented vertically in a specially designed chamber filled with liquid 

medium. LSFM uses a low NA objective lens to focus a sheet of light on the sample. 

Illumination of the specimen is from one side while emitted light is collected at a 

perpendicular axis (Maizel et al., 2011). Fluorophore illumination is achieved by thin 

sheet of light oriented orthogonally to the detection path. Only fluorophores which are 

localized close to the focal plane of the detection system are excited. These fluorophores 

contribute to the image and out-of-focus excitation is eliminated. Sample in the 

capillary is mounted on rotor and can be rotated at 360° (Weber and Huisken, 2011). 

Energy used in LSFM for excitation is much lower in comparison to widefield 

microscopes or CLSM. This provides possibility to perform long-term imaging 

experiments, prevents fluorophore bleaching and reduces phototoxicity. Preparation of 

the sample includes immobilization of seeds or seedlings in agarose or Phytagel 

medium in glass capillaries, fluorinated ethylene propylene (FEP) tubes or syringes. 

These are loaded into observation chamber (Fig. 9) which is filled with liquid culture 

medium for live-cell imaging of growing seedlings or germinating seeds (Ovečka et al., 
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2015). LSFM is low-invasive method enabling long term imaging of plant growth and 

development. 
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Material and Methods 

Molecular methods 

Genomic DNA isolated from fresh leaves of 7 d old Arabidopsis thaliana (L.) Heynh. 

(ecotype Columbia) seedlings was used for amplification of the complete coding region 

of EB1c gene together with its upstream promoter region. EB1c promoter region was 

identified according to previously published data (Komaki et al., 2010) and designed 

using Arabidopsis Sequence Viewer (http://arabidopsis.org). The promoter sequence 

pEB1c was suggested to comprise of 663 base pairs upstream of the start codon of the 

EB1c gene. For the cloning, we used Gateway® technology. Primers were designed 

according to manufacturer’s instructions. Whole genomic fragment was recombined 

into pDONR207 Gateway® vector and subsequently transferred by LR recombination 

reaction into the Gateway® destination vector pGWB450 (Nakagawa et al., 2007) 

designed for C-terminal GFP fusion with kanamycin resistance for plant selection. All 

recombinations were confirmed by sequencing. Expression vector 

pGWB450::pEB1c::EB1c:GFP was transformed into Agrobacterium tumefaciens, strain 

GV3101. Transformed Agrobacteria were used for several independent transformations 

of Arabidopsis plants (Clough and Bent, 1998; Davis et al., 2009). Seedlings were 

selected on kanamycin (50 mg/ml) selection medium to identify T1 transgenic plants. 

T1 transformants carrying pEB1c::EB1c:GFP constructs were checked for phenotype in 

comparison to control plants. No phenotypes were discerned and thus the T2 generation 

of Arabidopsis plants expressing pGWB450::pEB1c::EB1c:GFP was harvested and 

used for further experiments. 

Protein extraction, SDS-PAGE and immunoblotting 

12 d old Arabidopsis plants expressing EB1c-GFP were analysed on fluorescent 

stereomicroscope Leica MZ FLIII (Leica Microsystems, Germany) for EB1c-GFP 

signal. Protein extraction was carried out from roots of plants expressing EB1c-GFP and 

from wild type Arabidopsis thaliana (L.) Heynh. (ecotype Columbia). Roots were 

harvested, weighted, flesh frozen and immediately ground in the liquid nitrogen. 

Powder was extracted in extraction buffer (1:1, w/v) (50 mM Na-HEPES pH 7.5, 150 

mM NaCl, 1 mM MgCl2.6H2O, 1 mM EGTA, 1 mM DTT, 1 mM NaF) supplemented 

with protease inhibitors Complete (Roche, Germany) and phosphatase inhibitors 

PhosStop (Roche, Germany). Crude extract was centrifuged 10 min, 8000 g at 4°C. 
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Resulting supernatant was used for SDS-PAGE and subsequent western blot analysis. 

15 µg of total protein was loaded on 8% sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) gels followed by immunoblotting with polyvinylidene 

difluoride (PVDF) membrane and Western blotted with antibody against GFP (anti GFP 

rabbit ABCAM AB290) in dilution of 1:2000. Secondary antibody (goat anti-rabbit, 

Santa Cruz Biotechnology) was used in dilution of 1:5000. After incubation in enhanced 

chemiluminescence (ECL) reagents (according to manufacturer instructions), 

immunoreactive bands were documented using the BioRad ChemiDoc™ MP System. 

Plant material and sample preparation for light-sheet microscopy imaging 

Seeds of Arabidopsis thaliana (L.) Heynh. (ecotype Columbia) transgenic line 

expressing pEB1::cEB1c:GFP were surface sterilized, plated onto solidified  

½ Murashige & Skoog (MS) medium and kept in 4°C for 4 days. After this period seeds 

were transferred to round 90 × 25 mm Petri dishes filled with 80 ml of ½ MS medium 

solidified with 0.6% w/v Phytagel (Sigma-Aldrich, USA), and placed into small 

depressions facilitating gravitropic root growth inside solidified culture medium. Plates 

were cultivated in culture chamber horizontally for 2 d at 22°C, 50% humidity, 16/8-h 

light/dark cycle. After germination of seedlings when they were 1 d old, they were 

enclosed by FEP tube with an inner diameter of 1.1 mm and wall thickness of 0.2 mm 

(Wolf-Technik, Germany). FEP tubes were carefully inserted into culture medium to 

enclose individual seedling inside (Ovečka et al., 2015). After 24 h seedlings in FEP 

tubes were removed from the plate, transferred to the microscope and prepared for 

imaging. All experiments and measurements were done on 2 d old seedlings. 

Light-sheet microscopy 

Developmental live cell imaging was done with the Lightsheet Z.1 fluorescence 

microscope (Carl Zeiss, Germany), equipped with W Plan-Apochromat 20×/1.0 NA 

water immersion detection objective (Carl Zeiss, Germany) and LSFM 10x/0.2 NA 

illumination objective (Carl Zeiss, Germany). Seedlings were imaged using dual-side 

illumination by a light-sheet modulated into a pivot scan mode, with excitation laser 

line 488 nm and with emission filter BP505-545. Image acquisition was done every two 

minutes in Z-stack mode for a time period of 2-5 h. Scaling of images in x, y and z 

dimensions was 0.228 x 0.228 x 0.477 µm. To prevent the movement of the growing 

root apex out of the field of view, images were acquired in two subsequent views 



41 

 

coordinated to each other in y coordinate. Images were recorded with the PCO.Edge 

sCMOS camera (PCO AG, Germany) with the exposure time 25 ms. 

Measurements, statistical analyses and in silico predictions 

From images of the whole root acquired using Zen 2014 software (Carl Zeiss, 

Germany) subsets of data were created, with defined x-, y- and z- dimensions 

comprising whole volume of several nuclei from one particular cell file. Several subsets 

were created in order to segment nuclei of all cells of particular cell file in ordered 

positions from the stem cells surrounding quiescence center of the root up to visible cell 

differentiation at the end of elongation zone. All subsets were transformed to 2D images 

using Maximum intensity projection function of the Zen 2014 software. In all images 

uniform correction of brightness and contrast was done before they were exported for 

image analysis. All quantitative data were produced with publicly available software 

CellProfiler 2.1.1 (http://www.cellprofiler.org, Carpenter at al., 2006, Lamprecht et al., 

2007). Nuclear area from 2D images that represent surface projection of the nuclear 

volume (referred herein as nuclear surface area) was measured as the actual number of 

pixels in the manually defined region multiplied by the pixel area. Mean intensity 

values were calculated as the average pixel intensity in the defined region, integrated 

intensity values were calculated as the total pixel intensity in the defined region. Values 

were subsequently normalized to a 0-1 range using the following formula: xN=(xi-

xmin)/xmax-xmin (where xN= normalized intensity, xi=absolute intensity, xmin= minimum 

absolute intensity and xmax= maximum absolute intensity). Thus, all biological variables 

within measured root tips were brought into the comparable proportions and plant – to – 

plant differences in the expression of EB1c-GFP were compensated. Data from 4 

individual cell files were collected and evaluated separately for epidermis, cortex and 

endodermis from two independent experiments (two independent roots). Final statistical 

data evaluation and plot production was done with Microsoft Excel software. 

Prediction of putative nuclear export sequences was performed using the NetNES 1.1 

server with the accession numbers of the three Arabidopsis thaliana EB1 isoforms 

(EB1a, AT3G47690; EB1b, AT5G62500; and EB1c, AT5G67270) (la Cour et al., 

2004). For protein domain structure illustration, DOG 1.0 illustrator was used (Ren et 

al., 2009). 

  

http://www.cellprofiler.org/
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Results 

We studied the in vivo subcellular nuclear localization of the EB1c protein during root 

development in stably transformed Arabidopsis thaliana plants. Beside the already 

published presence of NLS in EB1c protein sequence (Komaki et al., 2010), our 

in silico search using NetNES 1.1 prediction server (la Cour et al., 2004) revealed the 

occurrence of putative nuclear export signals at positions 213L, 215I, 217S and 218L 

for EB1c. At the same respect, we compared the other EB1 family members in 

Arabidopsis, EB1a and EB1b. NES was not predicted for EB1b, while for EB1a, there 

is one prediction at position 193I albeit with a low score over the threshold. We 

prepared EB1c:GFP construct driven by its own promoter. The 663 bp long promoter 

sequence and the complete coding region of EB1c gene were cloned using Gateway® 

technology into the binary vector and subsequently transformed into A. thaliana plants 

(ecotype Col-0) while T2 generation of plants was used for experiments. To prove the 

expression of EB1c-GFP fusion protein in the plants, we performed SDS-PAGE with 

subsequent Western-blot analysis using seedlings expressing EB1c-GFP and Col-0 as a 

negative control (Fig. 10A). EB1c-GFP protein signal was clearly detected using anti-

GFP antibody at the molecular mass corresponding to 64 kDa which is the predicted 

size of the fusion protein. As negative controls, we used extracts from untransformed 

wild type plants as well as extracts from plants expressing EB1c-GFP treated only with 

secondary antibody (Fig. 10A). 

Root growth and development require passage of root cells through successive 

developmental zones. Large extend of this process from spatial and temporal point of 

view requires special microscopic applications for effective live cell imaging. 

Developmental light-sheet microscopy overcomes these limitations and allows real-time 

or time-lapse imaging of whole developing seedlings (Ovečka et al., 2015). We 

performed live cell imaging with seedlings growing over a period between 2-5 h inside 

the light-sheet microscope. EB1c-GFP was localized in nuclei of all non-dividing root 

cells within the root apex, with particularly strong expression level in cells of the root 

meristematic zone (Fig. 10B). General overview of EB1c-GFP expressing roots 

revealed zonation of the root apex into different cell developmental zones, namely into 

meristematic, transition, elongation and differentiation zones (Fig. 10B). Seedlings were 

prepared and cultivated in cylinders of Phytagel-solidified culture medium. During  
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Fig. 10 Characterization of transgenic Arabidopsis thaliana plants expressing EB1c-GFP driven 
by EB1c own promoter and localization of EB1c-GFP. (A) SDS-PAGE followed by western 

blot analysis using anti-GFP antibody from protein extract of A. thaliana T2 plants expressing 

EB1c-GFP (lane 1), protein extract from untransformed Col plants (lane 2) and protein extract 
from Arabidopsis plants expressing EB1c-GFP immunoblotted only with secondary antibody 

(lane 3). MW – Molecular weight. (B) General overview of the root tip of 2 d old A. thaliana 

seedling expressing EB1c-GFP. Average root zonation into individual cell developmental zones 

consisting meristematic zone (m), transition zone (t), elongation zone (e) and differentiation 
zone (d) is depicted. EB1c-GFP was localized in nuclei of root cells, with particularly strong 

expression level in cells of the root meristematic zone. (C) Live cell imaging of seedling 

growing inside of the light-sheet microscope over the period of 2 h. (D) Localization of EB1c-
GFP by light-sheet microscopy in cells of individual root tissue layers, in epidermis (ep), cortex 

(c), endodermis (en), central cylinder (cc) and lateral root cap cells (lrc). In all imaged tissues, 

light-sheet microscopy revealed clearly nuclear localization of EB1c-GFP in root cells. (E) 

Localization of EB1c-GFP by light-sheet microscopy during mitotic cell division of root cells in 
the meristematic zone. EB1c-GFP relocated from G2 stage nuclei to spindle in prophase (p), 

metaphase (m) and anaphase (a), to phragmoplast at early and late telophase (et, lt), and 

redistributed back to reconstructed G1 stage nuclei after cell division. Time progression of the 
cell division is indicated in min. Pictures (B-E) were performed in collaboration with Dr. 

Miroslav Ovečka. Scale bar = 50 µm in (B, C) and 5 µm in (D, E).   
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imaging over a range of several hours, seedlings exhibited undisturbed continuous root 

growth inside of the microscope (Fig. 10C, Supporting Information Movie S1). 

Average root growth rate of 2 d old seedlings expressing EB1c-GFP in the light-sheet 

microscope was 1.686 (± 0.721) µm.min
-1

 (±SD, n=6). 

Light-sheet microscopy, in addition to time-lapse imaging of the entire root 

development, allowed localization of EB1c-GFP at the cellular and subcellular levels. 

At the level of cellular resolution, this method was suitable for visualization not only 

surface cells and tissues of the root, like lateral root cap cells and epidermis, but further 

allowed visualization of individual cells from inner tissues of the Arabidopsis root 

including the cortex, the endodermis and the central cylinder. In all imaged tissues, 

light-sheet microscopy revealed clearly nuclear localization of EB1c-GFP in root cells 

(Fig. 10D). Subcellular resolution of the light-sheet microscopy was documented during 

mitotic cell division of root cells in the meristematic zone, where EB1c-GFP relocated 

from G2 stage nuclei to mitotic spindles and cytokinetic phragmoplasts during the 

respective cell division stages and finally was redistributed back to reconstituted G1 

stage nuclei after completing cell division (Fig. 10E). 

The longitudinal developmental zonation of the root apex of plants expressing EB1c-

GFP fusion protein into different developmental zones was determined in individual cell 

files of epidermis (Fig. 11A-D, arrows in B and C denote the first cell of each 

consecutive zone), cortex (Fig. 11E-H, arrows in F and G denote the first cell of each 

consecutive zone) and endodermis (Fig. 11I-L, arrows in J and K denote the first cell of 

each consecutive zone). The cell arrangement in the meristematic zone of the epidermis 

was influenced by frequent cell divisions rather than by cell elongation (along 

longitudinal root axis). This leads to generation of tightly-packed wide but very short 

cells, with compressed nuclei (Fig. 11A). Very similar cell and nuclear shapes were 

observed within the meristematic zone in the cortex layer (Fig. 11E). In the endodermis 

nuclei of cells in the meristematic zone appeared smaller and due to different ratio 

between cell width and cell height their shape was not deformed to the same extent as in 

the epidermis and the cortex (c.f. Fig. 11A, E and 11I). With termination of the mitotic 

activity in the meristematic zone, cell sizes and shapes were changing. At the end of the 

meristematic zone, nuclei became round and larger in all three layers (Fig. 11B, F, J). 

Before starting rapid cell elongation, however, there was a population of cells with short 

length, as indicated by short and similar distance between nuclei of individual cells  
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Fig. 11 Shoot-ward developmental zonation in the root apex of transgenic Arabidopsis thaliana 

plants expressing EB1c-GFP protein. Cell arrangement and position were assessed in individual 

cell files of epidermis (A-D), cortex (E-H) and endodermis (I-L). Typical appearance of cells in 
each tissue layer with nuclear localization of EB1c-GFP is shown for meristematic zone (A, E, 

I), at the meristem-transition zone border (B, F, J), at the transition zone-elongation zone border 

(C, G, K) and within the elongation zone (D, H, L). Arrows define nuclei of first cell within the 

transition zone (B, F, J) and first cell within the elongation zone (C, G, K). Fluorescence 
intensity of images is presented to the scale recorded during the acquisition of each individual 

cell type. Picture was prepared in collaboration with Dr. Miroslav Ovečka. Scale bar = 5 µm. 

(Fig. 11B, F, J). In addition, they showed reduction in the EB1c-GFP fluorescence 

intensity. Based on these characteristics, an onset of the transition zone placed before 

rapid cell elongation could be identified in each cell file of epidermis (Fig. 11B), cortex 

(Fig. 11F) and endodermis (Fig. 11J). Cells from the transition zone of each tissue layer  
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entered subsequently cell elongation zone, which was indicated by further changes in 

the nucleus size, EB1c-GFP fluorescence intensity and apparent dilatation of distances 

between neighbour nuclei within the cell files (Fig. 11C, G, K). Rapid cell elongation 

was connected with apparent enlargement of nuclei in epidermis (Fig. 11D) and cortex 

(Fig. 11H), changes in nuclear shape in all three tissue layers (Fig. 11D, H, L) and 

further reduction in EB1c-GFP fluorescence intensity. 

To characterize the distribution of EB1c-GFP in the apex of Arabidopsis root in detail, 

we quantified the intensity of EB1c-GFP nuclear fluorescence in the previously defined 

root cell developmental zones (meristem, transition zone, elongation zone and 

differentiation zone). The quantitative evaluation of the EB1c-GFP protein content in 

interphase nuclei of root cells was performed in light-sheet images acquired in 4D 

modes (encompassing x, y, z and t dimensions). In individual cell files of the epidermis, 

the cortex and the endodermis all interphase nuclei in order were taken into account, 

starting from the stem cell niche region and progressing up to cell elongation before 

cells reached the zone of cell differentiation (i.e. as evidenced by root hair emergence in 

the root epidermis). In each cell file, the meristem – to – transition zone border (Fig. 

11B, F, J) and the transition zone – to – elongation zone border (Fig. 11C, G, K) were 

identified. Parameters for identification of particular borders and range of individual cell 

developmental zones included the spatial extent of the cell division, size and 

fluorescence intensity reference values from nuclei of cells in G1 and G2 stages, 

increase in the nuclear size after termination of the cell division, and increase in the 

distance between nuclei of individual cells in the elongation zone. Thus, all cells in each 

cell file were topologically divided into meristematic zone, transition zone and 

elongation zone (Fig. 10B). 

Values of nuclear surface area and EB1c-GFP mean signal intensity for quantitative 

evaluation were plotted against cell position counted from the stem cells surrounding 

quiescence center. Both parameters were measured and evaluated separately for the 

epidermis, the cortex and the endodermis. We found that in all tissues, as cells 

proceeded from proliferation to the differentiation, the nuclear surface area increased 

while fluorescence intensity of EB1c-GFP signal decreased. This trend was apparent 

from quantification of individual cell files of the epidermis (Fig. 12A), the cortex (Fig. 

12B) and the endodermis (Fig. 12C). The meristematic zone, actively dividing cells 

contained the smallest nuclei exhibiting the highest EB1c-GFP content. In the transition  
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Fig. 12 Nuclear surface area and nuclear EB1c-GFP mean signal intensity distribution in root 

developmental zones of the root apex in individual cell files. Relationship between nuclear area 
(blue line) and nuclear EB1c-GFP mean signal intensity (red line) in respect to cell position 

counted from the stem cells surrounding quiescent center in individual cell file of epidermis (A), 

cortex (B) and endodermis (C). Values for nuclei in the transition zone are highlighted by 
yellow points, which allow distinguishing also meristematic zone (appearing before the 

transition zone) and elongation zone (appearing after the transition zone). Inset images over the 

lines show individual nuclei of cells at the actual position, documenting changes in nuclear 
shape, size and mean EB1c-GFP fluorescence intensity. Major vertical axis (on the left) 

represents the values for the normalized mean intensity and minor vertical axis (on the right) 

represents values for area measurements. Horizontal axis represents the actual cell position 

counted from the stem cells surrounding quiescent center (QC). Data are shown for one 
representative cell file from each tissue layer. Interruptions of the curve in the cortex (B) are 

caused by presence of dividing cells within the file. Graphs were prepared in collaboration with 

Dr. Miroslav Ovečka and Dr. Anna Kuchařová.   
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zone, the mean nuclear fluorescence intensity of EB1c-GFP was steeply decreased. This 

decline in EB1c-GFP fluorescence intensity continued in the elongation zone while the 

nuclear area progressively increased (Fig. 12). Cross-correlation of nuclear EB1c-GFP 

mean signal intensity of some individual nuclei with their size and shape at certain 

position within the cell file revealed negative correlation between nuclear size and mean 

EB1c-GFP signal intensity in the meristematic zone (numbered insets in Fig. 12A-C). 

This negative correlation trend was stabilized in the transition zone and the elongation 

zone of all measured cell files in all evaluated tissue layers (Fig. 12) as evidenced by the 

continuous decrease in EB1c-GFP fluorescence intensity with the progressive increase 

in nuclear size. 

Further, we quantified collectively measured data from several individual cell files of 

two independent roots. Data were evaluated separately for epidermis, cortex and 

endodermis. Quantitative evaluation of nuclear surface area values revealed rather 

stable distribution of this parameter in the meristematic zone of the epidermis. It 

increased slightly only in meristematic cells at gradually increasing distances from the 

stem cell region, surpassing slightly even the average reference value for the size of G2 

nuclei (Fig. 13A). Further recognizable increase in the nucleus size took place within 

the transition zone, and dramatic increase in the elongation zone of epidermis (Fig. 

13A). Mean fluorescence intensity of EB1c-GFP in interphase nuclei of epidermis 

fluctuated considerably; however, it was high in the meristematic cells. In nuclei of cells 

entering the transition zone mean fluorescence intensity of EB1c-GFP dropped 

considerably and in nuclei of elongating cells this drop in mean fluorescence intensity 

was dramatic, reflecting the inversely proportional increase in the nucleus size (Fig. 

13A). 

A similar tendency of stable nuclear size in the meristematic zone, a gradual increase in 

the transition zone and a considerable increase in the elongation zone was recorded also 

in cell files of the cortex layer (Fig. 13B). Nuclear size in the meristematic zone did not 

exceed the reference value for the size of G2 nuclei (Fig. 13B). Mean fluorescence 

intensity of EB1c-GFP in interphase nuclei of cortex cells was highest in the 

meristematic zone. However, it decreased dramatically in the transition zone, keeping 

further decreasing in the elongation zone as well (Fig. 13B). 
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Fig. 13 Nuclear surface area and nuclear EB1c-GFP mean signal intensity in cells of different 

tissues along diverse developmental root zones. Average values of nuclear surface area (blue 

line) and EB1c-GFP mean signal intensity (red line) plotted against cell position counted from 
the stem cells surrounding quiescence center (QC). Data from 4 individual cell files were 

collected and evaluated separately for epidermis (A), cortex (B), and endodermis (C) from two 

independent roots. The transition zone is highlighted in pink colour. Dashed red lines for 
average mean intensity and dashed blue lines for average nuclear area of G1 and G2 nuclei are 

indicated as reference values. Major vertical axis (on the left) represents the values for the 

normalized mean intensity and minor vertical axis (on the right) represents values for area 
measurements. Horizontal axis represents the actual cell position counted from the stem cells 

surrounding quiescence center (QC). Because number of cells in cell files is not the same, data 

from individual cell files in average graphs were aligned according to their meristem-to-

transition zone borders. Graphs were created by Dr. Miroslav Ovečka and Dr. Anna Kuchařová. 

Size of nuclei of endodermal cells in the meristematic zone was constant, not exceeding 

the reference value of size measured for G2 nuclei, showing increase only after passage 

of meristematic cells into the transition zone. Size distribution of nuclei in the transition 
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zone and the elongation zone of endodermis was wider as in cortex and epidermis, but 

the general tendency of gradual nuclear size increase from meristem through transition 

zone to elongation zone was maintained also in endodermis (Fig. 13C). 

Quantitative comparison of nuclear surface area and nuclear EB1c-GFP mean signal 

intensity in cell developmental zones of the root apex thus showed that the expression 

of EB1c-GFP decreased along the longitudinal axis of the root apex in all three 

measured tissue layers. Highest intensity was measured in the meristematic zone where 

cells are actively dividing, while in the transition zone and further in the elongation 

zone, expression levels of EB1c-GFP decreased inversely in relation to the nuclear area 

which progressively increased before entering the differentiation zone. 

Reference values for comparison of nuclear surface area and nuclear EB1c-GFP mean 

signal intensity in all types of measured cells from the root apex were recorded from 

typical cells of the root meristematic zone, which were present in G1 and G2 stages of 

mitotic cell division. For safe identification of nuclei in G1 and G2 stages, we took 

advantage of long-term time-lapse imaging of growing root apex in the light-sheet 

microscope. Using play-back function we identified and picked cells just before mitotic 

division and marked them as G2 cells. Daughter cells derived from mitotic division of 

these cells were marked as G1 cells (Fig. 10E). We compared obtained average values 

of G1 and G2 nuclei with average values of all measured nuclei from non-dividing cells 

of meristematic zone, and all cells of transition and elongation zones for nuclear surface 

area (Fig. 14A) and nuclear EB1c-GFP mean signal intensity (Fig. 14B). This 

comparison was done separately for epidermis, cortex and endodermis. Average values 

of nuclear surface area of meristematic cells corresponded well with reference values 

from G1 and G2 nuclei. Most importantly, the average size of nuclei in the meristematic 

zone did not exceed the size of G2 nuclei (Fig. 14A). Size of nuclei in transition zone as 

well as in elongation zone was significantly higher. Significant differences in size of 

nuclei were also observed between transition zone and elongation zone (Fig. 14A, C). 

Similarly, average values of nuclear EB1c-GFP mean signal intensity of meristematic 

cells corresponded well with reference values from G1 and G2 nuclei, and there were 

found significantly lower values of nuclear EB1c-GFP mean signal intensity in cells of 

transition zone and elongation zone in comparison to cells of meristematic zone and 

reference G1 and G2 nuclei (Fig. 14B, C). From these data we can conclude that both 

nuclear size and EB1c-GFP fluorescence intensity showed significant differences  
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Fig. 14 Reference values of nuclear area and nuclear EB1c-GFP mean signal intensity in G1 and 

G2 stage meristematic cells as compared to post-meristematic cells. Average nuclear surface 

area (A) and average nuclear EB1c-GFP mean signal intensity (B) in G1 and G2 stage of cell 
cycle were compared with average values of the same parameters of non-dividing cells from 

meristem (M), transition zone (T) and elongation (E) zone in epidermis, cortex and endodermis. 

Comparison of average nuclear surface area and average nuclear EB1c-GFP mean signal 

intensity values in individual cell developmental zones among individual tissue layers (C). 
Different letters represent statistical significance according to one-way ANOVA test at P<0.05. 

Graphs were created by Dr. Anna Kuchařová. 

between cells of meristematic zone, transition zone and elongation zone, and supported 

the correct classification of cells of the root apex into three distinct developmental 

zones. 

From the data presented above it is apparent that there might be a high degree of 

correlation, positive or negative, between nuclear size and EB1c-GFP expression levels. 

We pursued this idea by quantitative correlation analysis plotting nuclear surface area, 

mean signal intensity (mean values per object area) and integrated signal intensity (sum 

values per object area) to clarify, whether the decrease of EB1c-GFP mean signal 

intensity during passage of root cells through cell developmental zones corresponds to  
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Fig. 15 Quantitative correlation analysis of nuclear surface area, nuclear EB1c-GFP mean signal 

intensity, and nuclear EB1c-GFP integrated signal intensity in diverse tissues and 
developmental root zones. Separate graphs presenting correlation between nuclear surface area 

and nuclear EB1c-GFP mean signal intensity (A), nuclear surface area and nuclear EB1c-GFP 

integrated signal intensity (B), and nuclear EB1c-GFP mean signal intensity and nuclear EB1c-

GFP integrated signal intensity (C). Data from 4 individual cell files were collected and 
evaluated separately for epidermis, cortex and endodermis from two independent roots. Data are 

plotted separately for meristem (M, blue dots), transition zone (T, red dots) and elongation zone 

(E, green dots). Pearson´s correlation coefficients (R) are shown for each individual cell 
developmental zone of the root apex. Graphs were created in collaboration with Dr. Miroslav 

Ovečka and Dr. Anna Kuchařová. 
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the increase of nuclear surface area or not. This comparison was done separately for 

epidermal, cortical and endodermal cells. In the meristematic zone, we observed the 

highest variability of the nuclear EB1c-GFP mean fluorescence signal intensity (Fig. 12, 

13) and thus not surprisingly, this zone exhibited the lowest correlation between nuclear 

surface area and nuclear EB1c-GFP mean signal intensity (Fig. 15A). Measurements 

from transition zone and elongation zone were better correlated with prevalent negative 

values indicating that the decrease of EB1c-GFP mean signal intensity in the transition 

zone and the elongation zone corresponded mainly to increase of nuclear surface area 

and not to decline of EB1c-GFP expression levels. This suggests prior regulation of 

EB1c protein in the meristematic zone where cells are actively dividing. Most 

importantly, values from these three cell developmental zones were separated, albeit 

partially overlapping at their borders in the respective correlation scatter plots (Fig. 

15A). This observation proves the regular passage of cells from one developmental zone 

to another. Similar correlation analysis between nuclear surface area and nuclear EB1c-

GFP integrated signal intensity revealed again the partial separation of measurements 

from meristematic zone, transition zone and elongation zone in all three measured tissue 

layers, although lower correlation coefficients and higher variability, especially in 

epidermis and endodermis, were apparent (Fig. 15B). The highest intensity of EB1c-

GFP fluorescence signal was measured in the meristematic zone, however, it was 

largely fluctuating (Fig. 13). In accordance with this fact, the correlation between 

nuclear EB1c-GFP mean signal intensity and nuclear EB1c-GFP integrated signal 

intensity was lowest in the meristematic zone (Fig. 15C). It could reflect cell cycle-

dependent regulation of EB1c in the zone of mitotically-active root cells. In the 

transition zone and the elongation zone expression of EB1c-GFP decreased opposite to 

the increased nuclear area, observation which was corroborated by the higher positive 

correlation coefficients for comparing nuclear EB1c-GFP mean signal intensity and 

nuclear EB1c-GFP integrated signal intensity (Fig. 15C). 

Discussion 

Development of environmental imaging in light-sheet microscope 

The growing plant root system is physically challenged in its natural environment, the 

soil. As previously shown, natural root growth is strongly affected by the mechanical 

properties of the soil causing direct changes in root cell length and width compared to 

experimentally grown plants (Bengough et al., 2006; Panteris et al., 2013). It may also 
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indirectly affect the shoot growth (Jin et al., 2015). Conversely, in the conventional 

experimental setup, seedlings are mostly cultivated on air - solid medium interface 

which is significantly differing from the physical properties of the soil. Such a setting 

may cause the misinterpretation of the results, however, these cultivation methods are 

widely used and therefore widely accepted. Mimicking of the soil conditions in 

experimental environment is a challenging task (Okamoto et al., 2008). In the light-

sheet microscopic setup, the seedling root is growing embedded in a solid agarose 

matrix and thus root growth is challenged by the rigidity of the medium, as happens 

during growth in the soil. 

Another advantage of the light-sheet microscope is the ability to carry out long-term 

experiments at near-physiological conditions allowing root recordings with minimal 

stress (Maizel et al., 2011; Ovečka et al., 2015). By performing live cell imaging of 2 d 

old Arabidopsis seedlings for 2-5 h inside the light-sheet microscope, we demonstrate 

that by using light-sheet microscopy, plants grow in healthy conditions and thus they 

might be studied at the subcellular level with minimal limitations. Additionally, the 

light-sheet setup allowed for fast and up to some extent aberration free imaging at a 

considerable depth of the root, providing the opportunity to quantify nuclear levels of 

EB1-GFP not only for epidermis, but also for cortex and endodermis. 

Nuclear localization of EB1c 

EB1c, the distinct subtype from EB1 family, is specifically present in vascular plants. It 

contains at its unique C-terminal sequence two composite motifs that serve as NLS 

(Komaki et al., 2010). Besides, our in silico search showed putative nuclear export 

signals at positions 213L, 215I, 217S and 218L for EB1c. These findings suggest that 

EB1c is not tightly enclosed in the nucleus and that it may follow a canonical routine of 

active nucleocytoplasmic shuttling. Thus, EB1c cytoplasmic localization during mitosis 

and cytokinesis might be independent to nuclear envelope breakdown. The observation 

of EB1c localization in nuclei of post-mitotic, non-dividing cells such as those of the 

transition zone and the elongation zone, suggests that it might have a nuclear function. 

Thus, the visualization of nuclear EB1c-GFP in cells up to the differentiation zone 

suggests that EB1c might not be exclusively necessary for mitotic progression but rather 

have a broader role. 
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EB1c localization and function was previously documented in dividing cells of 

Arabidopsis thaliana (Dixit et al., 2006; Bisgrove et al., 2008; Komaki et al., 2010; Ho 

et al., 2011). In all the above studies, EB1c was studied in the context of cell division 

and studies were focused on the localization of EB1c at the microtubule plus ends with 

special emphasis on phragmoplast. 

However, the evident interphase nuclear localization and function of EB1c was not 

systematically addressed in these former studies. For this reason we surveyed the 

nuclear occurrence of EB1c not only in the interphase cells of the meristematic zone, 

but also in post-mitotic non-dividing cells of the root transition and elongation zones. 

Measuring nuclear parameters revealed clear distinction among root developmental 

zones and correlated them with specific patterns of EB1c accumulation in the nuclei of 

different tissues and in both meristematic and post-meristematic root zones. Thus, 

EB1c-GFP can be considered a reliable physiological nuclear marker for root 

developmental studies including post-meristematic cells. With the help of previously 

published data about longitudinal root zonation (Dello Ioio et al., 2007; Baluška and 

Mancuso, 2013; Panteris et al., 2013), we identified particular zones in Arabidopsis 

plants expressing EB1c-GFP. As expected, EB1c-GFP signal was present in all nuclei 

across the studied root zones and tissues. We thus employed correlative quantitative 

studies monitoring developmental fluctuations in EB1c-GFP expression levels with the 

trend of nuclear size increase which is observed in the shoot-ward root growth gradient. 

Inversely to the nuclear area increase, expression of EB1c-GFP showed root-ward trend 

within all tissues along the longitudinal root axis with the highest intensity peak in the 

meristematic zone. The highest expression level and the lowest correlation between 

EB1c-GFP mean intensity and nuclear surface area in the meristematic zone are in 

accordance to previously published data about the role of EB1c in the cell division 

progression. eb1c mutants showed defects in spindle pole alignment, chromosomal 

segregation and phragmoplast orientation, however, the organization of the preprophase 

band was not impaired (Komaki et al., 2010). Nevertheless, EB1c might have a dual 

function in meristematic cells, depending on its subcellular localization (one on 

microtubule plus ends during mitosis and another one in nuclei during interphase). 

More importantly we demonstrate for the first time, an evident persistent localization of 

EB1c in the nuclei of post-meristematic, non-dividing root cells residing within the 

transition and the elongation zones. As such this is the first study using quantitative 
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advanced light-sheet microscopy to follow nuclear changes in correlation to the nuclear 

accumulation of a native cytoskeletal protein (EB1c was expressed under its native 

promoter) during development of the primary root. In the transition zone, where 

division is ceased while differentiation and endoreduplication goes on, it seems to be a 

turning point for the expression of EB1c protein. From this point more than genetically 

regulated, expression of EB1c seems to be mechanistically related to increase in cell 

nucleus size which is carried out by endoreduplication. What exactly happens at the 

transition point and how switch from mitotic division to endoreduplication occurs is not 

well documented (del Pozo et al., 2006; Ishida et al., 2009; Ishida et al., 2010; Adachi et 

al., 2011; Heyman et al., 2011; Doskočilová et al., 2013). Our analyses highlight the 

nuclear localization of EB1c, opening in this way the hitherto unexplored field with 

several possible questions. One matter that needs to be resolved concerns whether 

nuclear recruitment of EB1c has a functional sense as well as the nature of its putative 

nuclear functional role(s). It is also opening the question on the mechanism of EB1c 

nuclear transport and export as it was not deciphered before. 
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Cloning, transformation and superresolution microscopy  

of DRONPA-tagged EB1c 

 

Novák D, Komis G. 
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Material and Methods  

Cloning of proEB1c::EB1c:DRONPA 

All polymerase chain reaction (PCR) fragments were generated using Phusion High-

Fidelity DNA Polymerase (Thermo Fisher Scientific, USA). Gene open reading frame 

(ORFs) were amplified from Col-0 genomic DNA (gDNA) and recombined using 

MultiSite Gateway
®
 technology (Invitrogen, USA). The coding sequence of wild type 

EB1c excluding stop codon was amplified by PCR with attB1 and attB2 primers (Fw-

EB1c_attB15´-GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGGCTACGAA 

CATTGGGATGATGG-3´; Rev-EB1c_attB2 5´-GGGGACCACTTTGTACAAGAA 

AGCTGGGTCGCAGGTCAAGAGAGGAGATGAACC-3´) for recombination 

reaction. By BP recombination reaction entry clone pDONR221:EB1c was prepared. 

663 bp upstream sequence of the initiation codon ATG of EB1c was amplified by PCR 

with attB4 and attB1 primers (Fw-proEB1c_attB4 5´-GGGGACAACTTTGTATAG 

AAAAGTTGTGTTGGACAGGTTAATGGGCTTGTG-3´; Rev-proEB1c_attB1 5´-GG 

GGACTGCTTTTTTGTACAAACTTGGCTTCGATTTTCTCAGGTTTCTCTC-3´) for 

recombination. Using BP recombination reaction, construct for native promotor 

pDONRP4P1R:proEB1c was prepared. Both constructs were confirmed by sequencing. 

By LR recombination reaction of destination vector pH7m34GW with entry clones 

pDONRP4P1R:proEB1c, pDONR221:EB1c and pDONRP2RP3:DRONPA (kindly 

provided by Dr. Amparo Rosero), expression construct pH7m34GW 

proEB1c::EB1c:DRONPA was prepared. Agrobacterium tumefaciens GV3101 was 

transformed with this expression clone. 

Transient transformation of Nicotiana benthamiana leaves  

YEB medium (5 ml) including appropriate selection antibiotics was inoculated with 

Agrobacterium tumefaciens GV3101 previously transformed with binary vectors coding 

EB1c-DRONPA protein. Culture grown at 28 °C, 220 rpm to OD600 0,4 was pelleted at 

3000 g, 4 °C for 10 min. Pellet was resuspended in 5 ml buffer including 10 mM 

MgCl2, 10 mM MES (pH 5,6) and 150 µM acetosyringone and subsequently incubated 

at room temperature for 2 h. Bacterial culture containing EB1c construct was infiltrated 

into 6 week old Nicotiana benthamiana leaves using syringe. After agroinfiltration, 

plants were covered with transparent plastic bags and maintained in fytotron for 24 h, 

than were uncovered. After 48 h, transformed epidermal cells were observed with 
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CLSM (LSM 710, Axio Imager 2, Carl Zeiss) equipped with Plan-Apochromat 20x/0.8 

objective (Carl Zeiss, Germany). Cells were imaged with excitation lasers 488 nm and 

405 nm and with emission filter 493 – 598 nm. 

Stable transformation of Arabidopsis thaliana plants  

Transformed Agrobacteria were used for transformation of Arabidopsis Col-0 plants 

(Clough and Bent, 1998; Davis et al., 2009). Seedlings were selected on hygromycin B 

(50 mg/ml) selection medium to identify T1 transgenic plants. T1 transformants 

carrying proEB1c::EB1c:DRONPA constructs were checked for DRONPA fluorescence 

signal with Leica stereomicroscope M165 FC, equipped with PLANAPO 1.6x 

objective, (Leica, Germany) and for phenotype in comparison to control plants. No 

phenotypes were discerned and thus the T2 generation of Arabidopsis plants expressing 

pH7m34GW proEB1c::EB1c:DRONPA was harvested and used for further 

experiments. 

PALM and SIM microscopy  

For imaging of EB1c-DRONPA, seedlings were sandwiched between coverslip and 

glass slide and mounted on the piezo stage of the Elyra PS.1 microscope (Carl Zeiss, 

Germany). Since DRONPA is leaky, seedlings were imaged with 488 nm excitation 

line, until dark state was reinstated. Subsequently the 405 nm activator laser line was 

switched on. Photoswitching of DRONPA molecules was recorded as a time series for a 

period of 30-45 min until they were irreversibly bleached. For imaging, we used a 

63x/1.40 NA oil immersion objective (Carl Zeiss, Germany), a bandpass filter between 

490 and 550 nm and an Andor iXon 897 Ultra EM CCD camera. After acquisition 

images were reconstructed using photoactivation localization microscopy (PALM) 

algorithm of Zen software (Black Version). 

Results  

Transient expression of EB1c-DRONPA in Nicotiana benthamiana leaves  

Transient transformation of Nicotiana benthamiana leaves was performed in order to 

test proEB1c::EB1c:DRONPA construct (Fig. 16A). This experiment preliminarily 

proved fluorescent properties of EB1c-DRONPA construct. 
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Fig. 16 Transient transformation of N. benthamiana leaves using proEB1c::EB1c:DRONPA 

construct in pH7m34GW expression vector showing nuclear localization (A). Representative 

images of A. thaliana lateral root stably transformed with proEB1c::EB1c:DRONPA construct 
(B). DIC - differential interference contrast. Scale bar = 20 µm in (A) and 50 µm in (B). 

Stable transformation of EB1c-DRONPA to Arabidopsis thaliana Col-0 

Stable transformation of DRONPA-fused EB1c gene driven under its own promoter into 

Arabidopsis thaliana Col-0 plants was performed using floral dip method. T1 

transformants were selected on hygromycin B and checked for DRONPA fluorescence 

signal (Fig. 16B). T2 generation was harvested and used for microscopy experiments. 

PALM imaging of root epidermal cells showed the nuclear spot-like distribution of 

DRONPA-tagged EB1c protein in comparison with diffuse nuclear signal observed by 

widefield epifluorescence microscopy (Fig. 17A-B). Moreover, PALM localization was 

more effective then structured illumination microscopy (SIM) in deciphering EB1c 

nuclear distribution (Fig. 17C-D). 
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Fig. 17 Comparison of diffuse nuclear signal of DRONPA-tagged EB1c protein by widefield 

microscopy (WF) (A), photoactivation localization microscopy (PALM) (B, D) and structured 
illumination microscopy (SIM) (C). Images were performed by Dr. George Komis. Scale bar = 

2 µm. 

Discussion  

Several fluorescence-based microscopy methods have been applied to visualize 

different organelles and subcellular compartments in living plant cells. For quantitative 

approaches widefield microscopy, spinning disk microscopy or CLSM are good 

workhorses. Advanced superresolution microscopy has provided new dimensions and 

perspectives for better imaging of living plant cells (Komis et al., 2018). 

Superresolution methods like PALM help uncover details of subcellular structures and 

molecular architecture.  

Since EB1c contains two NLS motives at C-terminal part (Komaki et al., 2010) and also 

putative NES at positions 213L, 215I, 217S and 218L (Novák et al., 2016) it suggests 

that this protein is not tightly enclosed in the nucleus (it might undergo nucleo-

cytoplasmic shuttling) and localization might be independent on nuclear envelope 

breakdown. During mitosis and cytokinesis EB1c localizes in cytoplasm. In non-

dividing cells EB1c localizes in the nucleus, which is correspondencing to previously 

published data (Dixit et al., 2006; Komaki et al., 2010; Van Damme et al., 2004). 

Results from superresolution PALM microscopy showed the nuclear spot-like 
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distribution of EB1c-DRONPA. This suggests that EB1c might play an additional 

unknown role in the nucleus.   
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Gene Expression Pattern and Protein Localization of Arabidopsis 

Phospholipase D Alpha 1 Revealed by Advanced Light-Sheet and 

Super-Resolution Microscopy 

 

Novák D, Vadovič P, Ovečka M, Šamajová O, Komis G, Colcombet J, Šamaj J.  
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Material and Methods  

Plant Material, Mutant Screens  

Seedlings were grown vertically on half-strength MS media (Murashige and Skoog, 

1962) supplemented with 0.5% (w/v) gellan gum for 14 d in controlled environmental 

conditions with 21°C and a 16h/8h (light/dark) photoperiod. The illumination intensity 

was 150 μmol m
−2

 s
−1

. Plants 12 to 15 days old were transferred to soil and cultivated in 

growth chamber in controlled environmental conditions with 21°C and a 16h/8h 

(light/dark) photoperiod and with the illumination intensity of 150 μmol m
−2

 s
−1

. 

We have used transfer DNA (T-DNA) insertion lines pldα1-1 (SALK_067533) and 

pldα1-2 (SALK_053785) described previously by Bargmann et al., 2009b and Zhang et 

al., 2004. The primers to check the T-DNA insertions were designed by the SIGnAL 

iSect tool (http://signal.salk.edu/tdnaprimers.2.html), and PCR was performed using 

genomic DNA from seedlings. Arabidopsis thaliana ecotype Columbia-0 (Col-0) was 

used as the control in the complementation assay (stomatal aperture measurement). 

Preparation of complemented PLDα1-YFP  

To generate the complementation transgenic lines, the coding sequence of wild type 

PLDα1(AT3G15730)  under the control the native PLDα1 promoter (1,944 bp upstream 

of the initiation codon ATG of PLDα1) was introduced into pGreen0229-YFP-Tnos 

vector using BamHI-KpnI restriction digest to generate proPLDα1::PLDα1:YFP 

construct. The constructs were confirmed by sequencing and transformed by floral 

dipping (Clough and Bent, 1998; Davis et al., 2009) to Arabidopsis wild type Col-0 as 

well as to pldα1-1 and pldα1-2 mutants using Agrobacterium tumefaciens strain GV 

3101. In T1 generation we have selected 3 independent transgenic lines with the same 

fluorescent properties. One line was chosen and T2 or T3 progeny of BASTA-resistant 

transformants, carrying a single homozygous insertion, were used for experiments. 

Preparation of transgenic line carrying PLDα1-YFP and mRFP-TUB6 

Arabidopsis pldα1-2 stably expressing proPLDα1::PLDα1:YFP in T2 generation were 

crossed with Col-0 plants stably expressing pUBQ1:mRFP::TUB6 kindly provided by 

Geoffrey O. Wasteneys (Ambrose et al., 2011).  F1 generation plants with PLDα1-YFP 

and mRFP-TUB6 (mRFP = red fluorescent protein, TUB6 = β-TUBULIN 6) expression 

http://signal.salk.edu/tdnaprimers.2.html
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were selected based on fluorescence signal in the epifluorescence microscope (Axio 

Imager.M2, Carl Zeiss, Germany). 

Immunoblotting analysis  

Seedlings of 5 days old pldα1-1 PLDα1-YFP and pldα1-2 PLDα1-YFP complemented 

plants, a progeny from one selected T2 plant from each independent transgenic SALK 

line, were used for immunoblotting analysis. Roots from approximately 50 seedlings of 

14 days old plants of Arabidopsis thaliana, ecotype Col-0, pldα1-1 and pldα1-2 single 

mutants as well as pldα1-1 PLDα1-YFP and pldα1-2 PLDα1-YFP complemented lines 

were homogenized in liquid nitrogen to fine powder and the proteins were extracted in 

E-buffer (50 mM HEPES (pH 7.5), 75 mM NaCl, 1 mM EGTA, 1 mM MgCl2, 1 mM 

NaF, 10% (v/v) glycerol, Complete™ EDTA-free protease inhibitor and PhosSTOP™ 

phosphatase inhibitor cocktails (both from Roche, Basel, Switzerland). Following 

centrifugation at 13000g in 4°C for 15 min, supernatants were mixed with 4 fold 

concentrated Laemmli buffer (final concentration 62.5 mM Tris-HCl (pH 6.8), 2% (w/v) 

SDS, 10% (v/v) glycerol, 300 mM 2-mercaptoethanol) and  boiled at 95 °C for 5 

minutes. Protein extracts were separated on 12% TGX Stain-Free
TM

 (Bio-Rad) gels 

(Biorad). Equal protein amounts were loaded for each sample. Proteins were transferred 

to PVDF membranes in a wet tank unit (Bio-Rad) overnight at 24 V and 4°C using the 

Tris-glycin-methanol transfer buffer. For immuno-detection of proteins, membranes 

were blocked in a mixture of 4% w/v low-fat dry milk and 4% w/v bovine serum 

albumin in Tris-buffered-saline (TBS, 100 mM Tris-HCl; 150 mM NaCl; pH 7.4) at  

4 °C overnight. After washing with TBS-T (TBS, 0.1% Tween 20) membranes were 

incubated with polyclonal anti-phospholipase D alpha 1/2 antibody (Agrisera, Sweden) 

diluted 1:5000 in TBS-T containing 1% w/v bovine serum albumin (BSA) or with anti-

GFP monoclonal antibody (Sigma-Aldrich, Merck, USA) diluted 1:1000 in TBS-T 

containing 1% w/v BSA at room temperature for 1.5 h. To validate the protein transfer, 

membranes were incubated with anti-beta-tubulin monoclonal antibody (Sigma-Aldrich, 

Merck, USA) diluted 1:2000 in TBS-T containing 1% w/v BSA at room temperature for 

1.5 h. Following five washing steps in TBS-T, membranes were incubated 1.5h at RT 

with a horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG secondary 

antibody (diluted 1:5000) in the case of anti-phospholipase D alpha 1/2 primary 

antibody, and with a HRP conjugated goat anti-mouse IgG secondary antibody (diluted 

1:5000; both from Santa Cruz Biotechnology, Santa Cruz, CA, USA) in the case of anti-
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GFP and anti-beta-tubulin primary monoclonal antibody. After washing in TBS-T, the 

signals were developed using Clarity Western ECL substrate (Biorad, Hercules, CA, 

USA). Luminescence was detected on Chemidoc MP documentation system (Biorad). 

Immunoblot analyses were performed in three biological replicates. 

Stomatal aperture measurement after ABA treatment  

Cotyledons of 7 days-old plants of various genotypes were used for stomatal closure 

analysis. Dissected cotyledons were floated on stomatal opening buffer [10 mM 2-(N-

morpholino) ethanesulfonic acid (MES-KOH), pH = 6.15 and 30 mM KCl] under light 

for 2 hrs to fully open the stomata. Then they were treated with ABA (10 µM) in 

stomatal opening buffer for indicated period of time. ABA stock solution was prepared 

in ethanol. Ethanol in stomatal opening buffer was used as a negative control. Final 

concentration of ethanol in experimental solutions did not exceeded 0.01%. Stomatal 

aperture was documented using epifluorescence microscope AxioImager.M2 (Carl 

Zeiss, Germany) equipped with EC Plan-Neofluar 10x/0.30 objective (Carl Zeiss, 

Germany) using transmission light in single focal plane and quantitatively analyzed 

using Fiji (ImageJ) software (Schindelin et al., 2012).  

Whole mount immunofluorescence labelling  

Immunolocalization of microtubules, PLDα1, PLDα1-YFP and clathrin in root 

wholemounts was done as described previously (Šamajová et al., 2014). Samples were 

immunolabeled with rat anti-α-tubulin (clone YOL1/34; ABD Serotec), rabbit anti-

phospholipase D alpha 1/2 (Agrisera, Sweden), mouse monoclonal anti-clathrin LC 

(Sigma-Aldrich) or mouse anti-GFP (Abcam) primary antibodies diluted 1:300, 1:300, 

1:300 and 1:100, respectively in 3% (w/v) BSA in PBS at 4 °C overnight. In the case of 

double or triple co-immunolocalization a sequential immunolabeling was performed. 

Secondary antibodies included Alexa-Fluor 488 goat anti-rat, Alexa-Fluor 488 goat 

anti-mouse or Alexa-Fluor 546 goat anti-rat IgGs were diluted 1:500 in PBS containing 

3% (w/v) BSA for 3 h (1.5 h at 37 °C and 1.5 h at room temperature). Where necessary, 

nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Microscopic 

analysis of immunolabeled samples was performed with a Zeiss 710 CLSM platform 

(Carl Zeiss, Germany), using excitation lines at 405, 488 and 561 nm from argon, 

HeNe, diode and diode pumped solid-state lasers. 
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Light-Sheet Fluorescence Microscopy  

Developmental live cell imaging of 2-3 days old Arabidopsis plants with PLDα1-YFP 

expression was done with the light-sheet Z.1 fluorescence microscope (Carl Zeiss, 

Germany) equipped with W Plan-Apochromat 20x/1.0 NA detection objective (Carl 

Zeiss, Germany) and two LSFM 10x/0.2 NA illumination objectives (Carl Zeiss, 

Germany). Seedlings were prepared in FEP tubes with an inner diameter of 2.8 mm and 

wall thickness of 0.2 mm (Wolf-Technik, Germany) according to the “open system” 

protocol for long-term live-cell imaging of Arabidopsis thaliana seedlings described by 

Ovečka et al. (2015). Root was growing in the block of the culture medium inside of the 

FEP tube and upper green part of the seedling developed in an open space of the FEP 

tube with the access to air. Sample holder with the sample was placed into observation 

chamber of the light-sheet microscope tempered to 22°C using Peltier heating/cooling 

system. Before insertion of the sample to the microscope plants were ejected slightly 

out of the FEP tube allowing imaging of the root in the block of solidified culture 

medium, but without the FEP tube. Before the imaging, liquid medium filling the 

observation chamber was filter-sterilized using a sterile syringe filter. Roots were 

imaged using dual-side light-sheet illumination with excitation laser line 514 nm, beam 

splitter LP 580 and with emission filter BP525-565. Images were recorded with the 

PCO.Edge sCMOS camera (PCO AG, Germany) with the exposure time 30 ms and the 

imaging frequency of every 5 min in z-stack mode for 5-20 hours. Scaling of recorded 

images in x, y and z dimensions was 0.228 x 0.228 x 0.499 µm. 

Spinning disk and Confocal laser scanning microscopy  

Hypocotyls, leaves with pavement cells, stomata and trichomes of 5-8 days after 

germination Arabidopsis plants with PLDα1-YFP expression were documented with 

spinning disk microscope (Cell Observer SD, Carl Zeiss, Germany) equipped with Plan-

Apochromat 20x/0.8 (Carl Zeiss, Germany) and Plan-Apochromat 63x/1.40 Oil (Carl 

Zeiss, Germany) objectives. Cells were imaged with excitation laser 514 nm and with 

emission filter BP535/30 for YFP. Cotyledons, petioles and guard cells were 

documented with confocal laser scanning microscope LSM 710 (Carl Zeiss, Germany) 

equipped with Plan-Apochromat 20x/0.8 (Carl Zeiss, Germany) and alpha Plan-

Apochromat 63x/1.46 Oil (Carl Zeiss, Germany) objectives. Plants of 6 days after 

germination were stained with 4 µM FM4-64 (styryl dye for plasma membrane 
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visualisation, Invitrogen, USA) diluted in half-strength liquid MS medium for 90 min 

before imaging. Samples were imaged with excitation lasers 514 nm for YFP and 561 

nm for mRFP and FM4-64, beam splitters MBS 458/514 for YFP, MBS 458/561 for 

mRFP and MBS 488/561 for FM4-64. Emission filters used were 519 – 550 nm for 

YFP, 590 – 610 nm for mRFP and 651 – 759 nm for FM4-64. 

Structured Illumination Microscopy  

The same immunolabeled wholemount samples examined with CLSM were also 

analyzed via a Zeiss SIM platform coupled with a PCO.Edge 5.5 sCMOS camera (Elyra 

PS.1, Carl Zeiss, Germany). Fluorophores were excited with the 405, 488, 561 and 647 

nm laser lines. For acquisition with a 63x/1.40 oil immersion objective, the grating 

pattern was set to 5 rotations with 5 standard phase shifts per angular position. In case 

of z-stacks, Nyquist sampling was selected to be the smallest one (corresponding to 

DAPI channel with 91 nm section thickness), leading to oversampling of the rest of the 

channels. Image reconstruction was done according to previously published procedure 

(Komis et al., 2015). 

Image processing  

The post-processing, default deconvolution and profile measurement of all fluorescence 

images in this study, including 3D reconstruction or maximum intensity projection from 

individual z-stacks and creating subsets was done using ZEN 2010 software. All images 

exported from ZEN 2010 software were assembled and captioned in Microsoft 

PowerPoint to final pictures. 

Results  

Expression patterns of PLDα1-YFP in Arabidopsis plants  

In order to characterize roles of PLDα1 in the plant development, we performed in vivo 

cell- and tissue-specific expression analysis of the PLDα1-YFP driven by native PLDα1 

promoter in two stably transformed pldα1 mutants of Arabidopsis thaliana. Thus, both 

pldα1-1 and pldα1-2 mutants were stably transformed with proPLDα1::PLDα1:YFP 

construct using the floral dip method (Clough and Bent, 1998). Comparison of 

proPLDα1::PLDα1:YFP expression patterns in different aerial organs and tissues of 

pldα1-1 and pldα1-2 mutants stably expressing PLDα1-YFP is presented in Fig. 18. In 

order to prove the expression of PLDα1-YFP fusion protein in experimental plants  
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Fig. 18 Comparison of PLDα1-YFP localization in different aerial organs and tissues of pldα1-

1 (A-E) and pldα1-2 (F-J) mutants stably expressing PLDα1-YFP driven by its own promoter: 
epidermis of first true leaf (A, F), epidermal cells of hypocotyl (B, G), epidermal cells of 

cotyledon petiole (C, H), epidermal cells of cotyledon (D, I) and entire 5 days-old seedling (E, 

J). 

(pldα1-1 and pldα1-2 mutant plants stably transformed with proPLDα1::PLDα1:YFP 

construct), we performed SDS-PAGE with immunoblot analysis using  
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Fig. 19 Detection of PLDα1 in roots of pldα1 mutants and in rescued pldα1 mutants stably 

transformed with proPLDα1::PLDα1:YFP construct. (A) Immunoblots of pldα1 mutants and in 
rescued pldα1 mutants probed with anti-PLDα1/2 antibody. (B)  Immunoblots of pldα1 mutants 

and in rescued pldα1 mutants probed with anti GFP antibody. PVDF membranes (BioRad) were 

probed with anti-beta tubulin as a loading control. Imunoblots were performed by Dr. Pavol 

Vadovič. 

anti-phospholipase D alpha 1/2 and anti-GFP antibodies. This analysis confirmed the 

presence of PLDα1-YFP fusion protein with the expected molecular mass of 118 

kDa,using both anti-PLDα1 and anti-GFP antibodies (Fig. 19A-B). In Col-0, which was 

used as a control, anti-PLDα1 antibody showed a protein band with a molecular weight 

of 91.8 kDa corresponding to PLDα1. We also confirmed the absence of PLDα1 protein 

in both pldα1-1 and pldα1-2 mutant plants. In addition, Col-0, pldα1-1 and pldα1-2 

mutant plants were used as negative controls for the use of the anti-GFP antibody and 

we did not observe any band in these lines (Fig. 19B). 

Functional complementation of pldα1-1 and pldα1-2 mutants with PLDα1-

YFP expression driven under its own promoter  

Cellular levels of ABA increase in responses to drought and salt stresses, which 

promotes stomatal closure in order to prevent water loss. Although PLDα1 is the most 

predominant PLD in plants, pldα1 KO mutants do not exhibit significant phenotypical 

changes (Fan et al., 1997; Zhang et al., 2012). Nevertheless PLDα1 controls proper 

water balance in plants responding to ABA by stomatal closure and this response is 

impaired in the pldα1 KO mutants (Jiang et al., 2014; Pleskot et al., 2014; Zhang et al.,  
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Fig. 20 ABA-induced stomatal closure in pldα1 mutants and rescued plants. (A) Cotyledon 

epidermis of 7 days old Col-0, pldα1-1, pldα1-2, pldα1-1 PLDα1-YFP and pldα1-2 PLDα1-YFP 
plants showing opening of stomata in control condition and after 2 hours treatment with 10 µM 

ABA. (B) Aperture of cotyledon stomata guard cells of Col-0, pldα1-1, pldα1-2, pldα1-1 

PLDα1-YFP and pldα1-2 PLDα1-YFP (measured as a ratio of aperture width and length, which 
is reduced upon its closure) in control condition and after 2 hours treatment with 10 µM ABA. 

Bar charts represent the mean ± SD for n = 40. Three asterisks indicate statistically significant 

differences (two-tailed paired t-test, P < 0.001) in stomatal closure. Images were performed in 
collaboration with Dr. Pavol Vadovič. 

2017a). To verify that pldα1-1 and pldα1-2 mutants were complemented with 

proPLDα1::PLDα1:YFP construct and show wild type-like behaviour, we examined 

stomatal closure ability of these revertants by measuring stomatal aperture in cotyledons 

of 7 days old plants after treatment with 10 µM ABA. We have observed significantly 

increased stomatal closure after ABA treatment of wild type plants in comparison to 

pldα1-1 and pldα1-2 mutants, which were ABA-insensitive and showed no change in 

stomatal apertures (Fig. 20). These results were consistent with published data (Zhang 

et al., 2004; Jiang et al., 2014). Importantly, pldα1-1 and pldα1-2 mutant plants 

genetically complemented with proPLDα1::PLDα1:YFP construct reacted to ABA 
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treatment by substantial decrease of stomatal aperture, similarly to the wild type plants 

(Fig. 20). These results confirmed the phenotypical complementation of pldα1-1 and 

pldα1-2 mutants with proPLDα1::PLDα1:YFP construct which can be considered as a 

functional one for further expression and localization studies. 

Developmental expression pattern and localization of PLDα1-YFP in 

Arabidopsis plants  

Observation of developmental expression pattern and localization of PLDα1-YFP fusion 

protein has been done in pldα1-1 mutant stably expressing a proPLDα1::PLDα1:YFP 

construct at cell-, tissue- and organ-specific levels using light-sheet fluorescence 

microscopy. Subcellular localization was performed using confocal and spinning disk 

microscopy. Developmental LSFM has been performed with 2- to 3-days old seedlings 

that were growing inside of the microscope imaging chamber in time periods ranging 

from 5 to 20 h. During these imaging periods, roots of experimental plants exhibited 

continuous growth at constant root growth rates. LSFM offered the possibility not only 

to localize PLDα1-YFP at the cellular level in root surface tissues (Fig. 21A), but it also 

allowed deep root imaging and tissue-specific visualization and localization of PLDα1-

YFP in internal root tissues (Fig. 21B). 

Imaging of tissue-specific expression of PLDα1-YFP in roots using LSFM revealed 

developmental regulation of PLDα1-YFP amount in the root apex. The expression 

levels of PLDα1-YFP in the root meristematic zone including rhizodermis, cortex and 

procambium were relatively low (Fig. 21B). On the other hand, particularly strong 

expression levels were revealed in the apical and lateral root cap cells (Fig. 21C). 

Remarkably strong expression was observed in central columella cells and particularly 

in cells of the third columella layer (Fig. 21B-C). Semi quantitative evaluation of the 

PLDα1-YFP amount in different cell layers of root apex (Fig. 21D) revealed a steep 

gradient between third and fourth outermost layers of the central root cap (Fig. 21D-F; 

profiles 1-2). There was a relatively low amount of PLDα1-YFP in the primary 

meristems at the position of the stem cell niche in comparison to the lateral root cap 

cells (Fig. 21D-F; profile 3). Proximally to the region of initial cells there was a clear 

gradient in the PLDα1-YFP amount within the radial organization of the root meristem 

with the highest level in the lateral root cap cells, much lower level in the rhizodermis, 

cortex and endodermis, and the lowest level in central cylinder tissues (Fig. 21D-F; 

profile 4). Different expression levels among lateral root cap cells, dermal tissues 
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Fig. 21 Light-sheet fluorescence microscopy localization of PLDα1-YFP driven by PLDα1 own 
promoter in Arabidopsis thaliana roots. (A) Overview of PLDα1-YFP localization in different 

tissues of the root tip constructed from maximum intensity projection of 330 optical sections 

(with thickness of 0.5 μm each). Amount of PLDα1-YFP fluctuated in root rhizodermal cells 
while the highest localization was visible in the root cap cells. (B) Median optical section of the 

root tip revealed differential distribution of PLDα1-YFP with the strongest expression in the 

root cap and lateral root cap cells and with much lower production of PLDα1-YFP in 
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rhizodermal, cortical and endodermal cell layers and with very low production in procambial 

cells. (C) Detail of the root cap showing the strongest expression level of PLDα1-YFP in central 

columella cells and particularly in cells of the third root cap layer. (D-F) Qualitative and semi-

quantitative evaluation of the relative PLDα1-YFP distribution in longitudinal and radial 
zonation of the root tip. Five profiles at different positions of the root tip (D) were visualized 

into orthogonal projections of radial root sections (E) and profiles in the median positions of the 

radial root sections (indicated by arrows) were quantitatively displayed (F). Images were taken 
from pldα1-1 and pldα1-2 mutant plants stably expressing PLDα1-YFP. LSFM images were 

performed by Dr. Miroslav Ovečka. 

(rhizodermis, cortex and endodermis) and central cylinder tissues were clearly visible in 

the central part of the root meristematic zone (Fig. 21D-F; profile 5). 

In comparison to the relatively low expression level of the PLDα1-YFP in the root 

meristem, a dramatic enhancement was detected in the root transition zone, particularly 

in the rhizodermis (Fig. 22A). Rhizodermal cells showed much stronger expression 

levels in the trichoblast cell files compared to the atrichoblast ones (Fig. 22B-E). 

Relatively strong expression of PLDα1-YFP in trichoblast cells of the transition root 

zone revealed one additional aspect of particular interest. It was the strongly polarized 

localization of PLDα1-YFP at the cell corner of the trichoblasts facing the cleft contact 

with two underlying cortical cells (Fig. 22A, C). Thereon, the strong expression level of 

PLDα1-YFP in trichoblast cell files was also maintained later in the development of 

root hairs during bulge formation (Fig. 22B) and in tip-growing root hairs (Fig. 22F-H). 

Time-course semi quantitative evaluation of PLDα1-YFP distribution clearly revealed 

its accumulation in growing tips of root hairs (Fig. 22G, H). The PLDα1-YFP 

expression pattern in growing roots thus reflected the tissue-specific and 

developmentally-regulated transition from low PLDα1-YFP protein levels in actively 

dividing cells of the root apical meristem to much enhanced protein accumulation in the 

root transition zone harbouring post-mitotic cells preparing for cell elongation (Fig. 

21D-F). Cell differentiation in root tissues led to localized accumulation of PLDα1-

YFP, particularly in the developing rhizodermis, where PLDα1-YFP accumulated 

preferentially in trichoblasts (Fig. 22B-E), especially during the process of root hair 

formation (Fig. 22F-H). In all root tissues expressing moderate levels of PLDα1-YFP 

(root cap cells, root transition zone, trichoblast cell files and tip growing root hairs) we 

observed cytoplasmic localization of the fusion protein. 

Expression pattern and localization of PLDα1-YFP in different cell types of aerial parts 

of 6 days old seedlings were documented with confocal and spinning disk microscopy. 
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Fig. 22 Tissue- and cell-specific localization of PLDα1-YFP driven by its own native promoter 

in the root of Arabidopsis thaliana by light-sheet fluorescence microscopy. (A) Distribution of 
PLDα1-YFP in meristematic zone (mz) with relatively low expression and in transition zone (tz) 

with enhanced expression. (B) Differentiation zone of the root with stronger expression level of 

PLDα1-YFP in trichoblasts and bulges of emerging root hairs and lover expression level in 
atrichoblast cell files. (C-E) Orthogonal projection (C), 3D-rendering (D) and intensity-based 
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3D visualization (E) of root differentiation zone showing higher expression level of PLDα1-

YFP in rhizodermal trichoblast cell files (labelled as T) and lover expression level in 

atrichoblast cell files (labelled as A). Arrows in A and C point local accumulation of PLDα1-

YFP at the cell corner of the trichoblasts in the contact with two underlying cortical cells. (F) 
Enhanced localization of PLDα1-YFP in trichoblast cells at the stage of root hair formation and 

apparent accumulation of PLDα1-YFP in growing root hairs. (G) Time-course recording of 

accumulation and relocation of PLDα1-YFP during the root hair outgrowth in trichoblast root 
cell. Time frames of individual developmental stages are indicated in min. Dotted lines along 

the median longitudinal axis of the root hair indicate the position of fluorescence intensity 

profile measurement. (H) Fluorescence intensity profiles of PLDα1-YFP distribution 
corresponding to particular developmental stages of the root hair formation from the trichoblast 

root cell in (G). Images were taken from pldα1-1 and pldα1-2 mutant plants stably expressing 

PLDα1-YFP using light-sheet microscopy. LSFM images were performed by Dr. Miroslav 

Ovečka. 

Relatively high expression level of PLDα1-YFP was observed in hypocotyl epidermal 

cells (Fig. 23A), in pavement cells and stomata guard cells of cotyledons (Fig. 23B), in 

leaf epidermis and stomata guard cells of leaves (Fig. 23D). Consistently with strong 

expression level of PLDα1-YFP in root rhizodermis and in developing root hairs we 

observed also strong expression of PLDα1-YFP in leaf trichomes (Fig. 23E). In more 

detail, high amounts of PLDα1-YFP were found at tips of trichome branches (Fig. 23E). 

A high level of PLDα1-YFP was observed also in epidermal cells of leaf petioles (Fig. 

23F). 

In cells of all examined aerial tissues, PLDα1-YFP was localized in the cytosol and 

predominantly at the cell cortex in the vicinity of the plasma membrane. Additionally, 

PLDα1-YFP was localized in cytoplasmic strands of interphase cells (Fig. 23F).  

Accumulation of PLDα1-YFP in growing root hairs (Fig. 22F-H) suggested its role in 

actively growing cell domains. To test this possible scenario in leaf trichomes, we 

identified individual stages of trichome development in the first true leaf and we 

performed semiquantitative evaluation of PLDα1-YFP distribution along single profiles 

in individual trichome branches. To quantify PLDα1-YFP developmental redistribution 

during trichome formation, we measured profiles of PLDα1-YFP fluorescence in young 

trichome primordia without branches (Fig. 24A), in each individual branch of growing 

trichomes during later developmental stages (Fig. 24B-D) up to final stage of fully 

developed three-branched trichomes (Fig. 24E). Profiling of fluorescence intensity 

along individual trichome branches clearly revealed higher accumulation of PLDα1-

YFP at the tip of actually growing branch during trichome development (Fig. 24F). 
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Fig. 23 Localization of PLDα1-YFP driven by PLDα1 own promoter in different aerial organs 

and tissues of Arabidopsis thaliana seedlings. Images were taken from different cell types of 

aerial tissues of living pldα1-2 mutants stably expressing PLDα1-YFP driven by its own 

promoter using confocal and spinning disk microscopy. Localization of PLDα1-YFP in 
hypocotyl epidermal cells (A), cotyledon epidermal cells and stomata (B), leaf epidermal 

pavement cells and stomata guard cells (C), leaf stoma guard cells (D), leaf epidermal cells and 

trichomes (E), and petiole epidermal cell (F). Spinning disk microscopy (A, C, D), confocal 
microscopy (B, E, F). 

Association of PLDα1-YFP with microtubules 

In order to investigate the localization pattern of PLDα1-YFP in respect to cortical and 

mitotic microtubules we crossed pldα-1-2 mutant plants stably expressing 

proPLDα1::PLDα1:YFP construct with Col-0 plants stably expressing 

pUBQ1::mRFP:TUB6 construct (red fluorescent protein fused to Arabidopsis alfa- 
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Fig. 24 Localization and accumulation of PLDα1-YFP in developing leaf trichomes in pldα1-2 

mutant plants stably expressing PLDα1-YFP driven by PLDα1 own promoter. Images of 

maximum intensity projection were reconstructed from individual optical sections taken at the 
same live cell imaging condition from first (B, D, E) and second (A, C) true leaves of pldα1-2 

mutants stably expressing PLDα1-YFP. Developing trichomes are displayed from early 

developing stages with no branches (A), with progressing two branches (B, C), growing three 
branches (D) to maturating three branches (E). (F) Profiles of fluorescence intensity of YFP 

distribution in individual trichome branches indicated by lines in (A-E). 

tubulin 6 isoform, Ambrose et al., 2011). Labelling of the plasma membrane in cells of 

such crossed line was performed with FM4-64. The co-localization experiments were 

done in non-dividing leaf petiole epidermal cells using confocal laser scanning 

microscopy (Fig. 25). 3-D rendering and orthogonal projections showed very close 

association of cortical microtubules with the plasma membrane and predominant 

localization of PLDα1-YFP in the cortical cytoplasm (Fig. 25A). Merge image of all 

three markers (Fig. 25A) and semi-quantitative measurement of fluorescence intensities 

along transversal profile in the cell cortex (Fig. 25B) revealed only poor co-localization, 

but rather association of PLDα1-YFP with cortical microtubules. This was  
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Fig. 25 Subcellular localization of PLDα1-YFP and cortical microtubules in respect to the 

plasma membrane in leaf petiole epidermal cells. Living interphase petiole cells with the 
expression of PLDα1-YFP (in green) and mRFP-TUB6 (in red) were counterstained with FM4-

64 for delineation of the plasma membrane (in blue). (A) Orthogonal view of the 3D-

reconstructed petiole cell from the z-stack imaging showing localization of plasma membrane, 
cortical microtubules and PLDα1. Line in merged image indicates position of measured profile. 

(B) Profile intensity of fluorescence distribution of the plasma membrane (blue), cortical 

microtubules (red) and PLDα1 (green) based on the distance from the cell surface. (C) Frontal 
view reconstructed from the individual z-stacks starting from the cell surface of the petiole cell 

to the cortical cytoplasm in steps indicating thickness of individual optical sections in µm. 

Individual channels are shown separately for the plasma membrane (labelled in blue), cortical 

microtubules (labelled in red) and PLDα1 (labelled in green), while the merge image shows the 
overlay of all three channels with the depth annotation. (D) Maximum intensity projection of the 

same image as in C from the side view (orthogonal projection) with the line indicating position 

of measured profile. (E) Profile intensity of fluorescence distribution of the plasma membrane 
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(blue), cortical microtubules (red) and PLDα1 (green) from D based on the distance from the 

cell surface. Analysis made in confocal microscope. 

evident also from spatial separation of individual optical sections from 3-D scans of the 

cell cortex starting from the cell surface. By taking individual optical sections of 420 

nm thickness (Fig. 25C), we observed uppermost signal of the FM4-64 related to the 

plasma membrane first, followed by mRFP signal corresponding to cortical 

microtubules located beneath the plasma membrane, and only then first appearance of 

the YFP signal related to the PLDα1. In merge image, the plasma membrane signal was 

enriched in second and third optical section (0.000 to -0.853 μm from the cell surface), 

network of cortical microtubules was present in third to fifth optical section (-0.853 to -

1.705 μm from the cell surface), while PLDα1-YFP signal was enriched only in fourth 

to sixth optical section (-1.279 to -2.131 μm from the cell surface). Association and 

partial colocalization of PLDα1-YFP with cortical microtubules (detected as yellow 

spots in merge images) is visible only on the cytoplasmic face (Fig. 25C, optical section 

-1.279), but not on the membrane face (Fig. 25C, optical section -0.853) of the cortical 

microtubule network. Sandwich-like arrangement of the plasma membrane, cortical 

microtubule network and PLDα1-YFP was evident also from orthogonal view of the 

examined cell cortex area (Fig. 25D), proven also by semiquantitative fluorescence 

profile intensity measurement (Fig. 25E). These experiments revealed predominantly 

cytoplasmic localization of PLDα1-YFP.  

Colocalization of PLDα1-YFP with microtubules in dividing cells 

Colocalization of PLDα1-YFP with mitotic microtubule arrays was observed in dividing 

epidermal cells of leaf petioles using spinning disk microscopy (Fig. 26A-E). 

Association of PLDα1-YFP with PPB was evident in the pre-prophase and prophase 

stage (Fig. 26A), with mitotic spindle during metaphase to anaphase (Fig. 26B-D) and 

with progressing phragmoplast during cytokinesis (Fig. 26E). In the pre-prophase and 

prophase stage PLDα1-YFP accumulated in the cell cortex in a ring-like structure that 

was broader as PPB. This indicates that PLDα1-YFP, in addition of colocalization with 

microtubules inside PPB, also surrounded PPB in the cortical cytoplasm (Fig. 26A, 

26A). Additionally, PLDα1-YFP was enriched also in cytoplasmic disk radiating from 

the nuclear surface to the cell cortex at the PPB plane (Fig. 26A, Video S1). Later on, 

PLDα1-YFP was strongly accumulated in microtubule arrays of the mitotic spindle 

which was surrounded by  
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Fig. 26 Subcellular localization of PLDα1-YFP during cell division. Live cell imaging of 

PLDα1-YFP (green) and mRFP-TUB6 (red) in dividing leaf petiole epidermal cell. PLDα1-YFP 

was enriched at the location of preprophase band of microtubules (PPB) (A), while it strongly 
associated with the mitotic spindle (B, C, D), early (D) and late (E) phragmoplast. Profiles of 

fluorescent intensity of YFP and mRFP distribution measured at individual cell division stages 

are indicated by lines (A-E). ppb – preprophase band of microtubules, m – metaphase, a – 

anaphase, et – early telophase, lt – late telophase. 

cytoplasmic layer enriched with PLDα1-YFP (Fig. 26B-C). Association of PLDα1-YFP 

with microtubules was documented by missing signal in the mitotic spindle occupied by 

chromosomes during metaphase and anaphase (Fig. 26B-D). Starting with the 

segregation of sister chromatids and their pulling to the opposite spindle poles, PLDα1-

YFP accumulated also in the central zone of the anaphase spindle (Fig. 26C-D). 

Appearance of the early phragmoplast was connected with accumulation of PLDα1-

YFP (Fig. 26D). However, PLDα1-YFP was absent in the late phragmoplast mid-zone 

during cell plate formation in cytokinesis (Fig. 26E). In addition, PLDα1-YFP was 

accumulated also in surrounding cytoplasm (phragmosome) enclosing cytokinetic 

apparatus in the centre of partially vacuolated cells (Fig. 26E, 27B, Video S2). As the  
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Fig. 27 Association of PLDα1-YFP with microtubules during cell division. Live cell imaging of 
dividing leaf epidermal petiole cells of complemented pldα1-1 mutant seedlings expressing 

PLDα1-YFP and mRFP-TUB6. (A) Rotation of 3-D reconstructed pre-prophase cell with 

established PPB (arrows) showing localization of PLDα1-YFP in cytoplasmic disk between cell 
nucleus and cortical PPB zone (arrowheads). Individual positions of rotating orthogonal 

projection correspond to Video S1. (B) Rotation of 3-D reconstructed cytokinetic cell with ring 

phragmoplast (arrows) showing localization of PLDα1-YFP among phragmoplast microtubules, 

in cytoplasm around the phragmoplast and in emerging cell plate in the central zone of the ring 
phragmoplast (arrowheads). Individual positions of rotating orthogonal projection correspond to 

Video S2. 

late phragmoplast reached the cell periphery, PLDα1-YFP was associated with 

emerging cell plate in the central zone of the ring phragmoplast (Fig. 27B, Video S2). 

Visual comparison of PLDα1-YFP protein level in cortical cytoplasm between dividing 

cells and neighbouring non-dividing cells (Fig. 26A, E) clearly indicated intracellular 

relocation and accumulation of PLDα1-YFP within and around mitotic microtubule 

arrays. It indicates potential cell cycle-dependent cooperation of PLDα1-YFP with 

microtubules in proliferating cells. 

Association of PLDα1-YFP with mitotic microtubule arrays was confirmed using 

immunofluorescence colocalization of PLDα1-YFP and microtubules in root meristem 

cells of complemented pldα1-1 mutant seedlings expressing proPLDα1::PLDα1:YFP  
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Fig. 28 Immunofluorescence colocalization of microtubules and PLDα1–YFP during cell 

division in Arabidopsis root meristem cells of complemented pldα1-1 mutant seedlings 

expressing PLDα1-YFP. (A) Colocalization of PLDα1-YFP with microtubules of PPB 
(arrowheads) and late phragmoplast (arrow). Note that circle indicates non-dividing cell. (B) 

Orthogonal projection of disk phragmoplast stage with the distribution of PLDα1-YFP at the 

leading (outer) edge (arrowheads) as well as at the trailing (inner) edge in the central part 

(arrows) of the phragmoplast. Steel image of the orthogonal projection correspond to Video S3. 
(C) Orthogonal projection of more advanced ring phragmoplast showing association of PLDα1-

YFP with the leading edge (arrowheads) and the trailing edge (arrows) of the phragmoplast. 

Steel image of the orthogonal projection correspond to Video S4. (D) Accumulation of PLDα1-
YFP in central part of the phragmoplast at later stages of cytokinesis. Immunofluorescence 

images were performed by Dr. Olga Šamajová and Dr. Miroslav Ovečka. 
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construct. In non-dividing interphase or pre-mitotic cells PLDα1-YFP protein was 

localized in the cytoplasm, showing rather homogenous distribution (Fig. 28A). 

However, accumulation as well as partial association of PLDα1-YFP signal with 

microtubules of PPB, spindle and both early and late phragmoplast was observed in 

mitotic root cells (Fig. 28A). Detailed analysis of PLDα1-YFP distribution during 

cytokinesis revealed its specific association with progressing phragmoplast. 3-D 

reconstruction, orthogonal projection and rotation of disk phragmoplast with initiated 

depolymerisation of microtubules in the central part showed predominant association of 

PLDα1-YFP with leading (outer) edge of the phragmoplast as well as with the trailing 

(inner) edge, which was created in the central part of the phragmoplast (Fig. 28B, Video 

S3). Accumulation of PLDα1-YFP at the trailing edge of the late ring phragmoplast was 

more evident at later stages of the phragmoplast expansion (Fig. 28C, Video S4). 

During phragmoplast enlargement to the cell edges and consolidation of newly formed 

daughter nuclei, PLDα1-YFP appeared to be more accumulated in the developing cell 

plate (Fig. 28D). These results are consistent with PLDα1-YFP accumulation within 

and around mitotic microtubule arrays during cell division observed by live cell 

imaging (Fig. 26). 

Next, we employed immunofluorescence localization of tubulin in dividing and non-

dividing interphase cells of primary roots of pldα1-1 mutant to characterize possible 

involvement of PLDα1 on general microtubule organization. However, no obvious 

differences in the microtubule organization were observed during mitosis, cytokinesis or 

in non-dividing interphase cells of pldα1-1 mutant in comparison to wild type Col-0 

plants. 

Association of PLDα1-YFP with microtubules and CCVs and CCPs 

In order to address the functional relationship between mitotic microtubules and PLDα1 

in vesicular trafficking, we performed immunofluorescence localization of PLDα1-YFP 

with microtubules and clathrin-coated vesicles (CCVs) and clathrin-coated pits (CCPs) 

in dividing and non-dividing root rhizodermal cells of complemented pldα1-1 mutant 

seedlings expressing proPLDα1::PLDα1:YFP construct (Fig. 29). In cytokinetic cells, 

PLDα1-YFP was associated with microtubules of the ring phragmoplast, while signal 

was less abundant in the phragmoplast central part. The distribution of clathrin signal in 

this zone was complementary to PLDα1-YFP distribution, with increased abundance in  
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Fig. 29 Immunofluorescence colocalization of microtubules with PLDα1–YFP and clathrin in 

Arabidopsis root cells of complemented pldα1-1 mutant expressing PLDα1–YFP. (A) 

Colocalization of microtubules (green), PLDα1–YFP (red) and clathrin (blue) in late 

phragmoplast of root meristematic cell during the cytokinesis. (B) Colocalization of cortical 
microtubules (green), PLDα1–YFP (blue) and clathrin (red) in interphase root cell. Boxed areas 

in (B) are magnified in (C). Arrows indicate colocalization of PLDα1–YFP with clathrin in 

association with cortical microtubules. Immunofluorescence images were performed by Dr. 
Olga Šamajová. 
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Fig. 30 Super-resolved SIM immunofluorescence colocalization of cortical microtubules (red), 

PLDα1–YFP (green) and clathrin (blue) in Arabidopsis root cells of complemented pldα1-1 

mutant expressing PLDα1–YFP. Arrows indicate spot-like and ring-like structures of PLDα1–
YFP in close contact with cortical microtubules and individual CCVs and CCPs (A), or CCVs 

and CCPs arranged in clusters (B). Immunofluorescence images were performed by Dr. Olga 

Šamajová and Dr. George Komis. 

the central part and decreased abundance at the zone of phragmoplast microtubules 

(Fig. 29A). Thus, the highest overlap of the clathrin and the PLDα1-YFP signal was 

observed at the trailing (inner) edge of the enlarging phragmoplast (Fig. 29A). 

In non-dividing root rhizodermal cells cortical microtubules were bedecked with 

PLDα1-YFP closely associated or partially colocalized with CCVs. PLDα1-YFP was 

localized in spot-like structures decorating surface of microtubules in close association 

or partial colocalization with CCVs (Fig. 29B). For more detailed subcellular study of 

PLDα1 and microtubules involvement in vesicular trafficking we used super-resolved 

SIM. This analysis revealed association and partial colocalization of PLDα1-YFP with  
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Fig. 31 Effect of salt stress on relocalization of PLDα1-YFP (shown in artificial green colour) 
driven by its native promoter in hypocotyl epidermal cells of complemented pldα1-2 mutant. 

(A) Time-lapse imaging of PLDα1-YFP in hypocotyl epidermal cells under control conditions 

without salt and (B-F) during plasmolysis induced by 500 mM NaCl. The dynamic relocation 
and accumulation of PLDα1-YFP in plasmolyzed surface areas of detaching protoplasts is 

depicted by arrows. Time is indicated in min:sec. Images were performed by Dr. Olga 

Šamajová. 

CCVs and CCPs in the close vicinity of cortical microtubules, in some cases creating 

spots and ring-like structures on their surface (Fig. 30A). 

Association of PLDα1-YFP with CCVs and CCPs in the cytoplasm between cortical 

microtubules was observed in clathrin-rich clusters that were in close contact with 

cortical microtubules (Fig. 30B). Quantitative analysis of the above colocalization 

studies of clathrin and microtubules following either SIM or CLSM documentation, 



88 

 

showed positive colocalization in Col-0 root rhizodermal cells (Pearson’s coefficient 

R=0,62) and no colocalization in pldα1 mutant (Pearson’s coefficient R=0). In 

conclusion, these data document a complex pattern of PLDα1 subcellular localization 

and its functional relationship to microtubule arrays in both non-dividing and dividing 

cells of Arabidopsis plants. Combination of different advanced microscopy methods 

provided data supporting a possible mechanism of interactions between clathrin-

dependent endocytosis and cortical (as well as mitotic) microtubules, through the 

stabilization function of the PLDα1. 

Finally, we wanted to test whether stress factors such as high salinity can induce 

subcellular relocation of PLDα1-YFP in Arabidopsis cells. Indeed, PLDα1-YFP was 

relocated and accumulated in curved surface areas of plasmolysed hypocotyl cells 

treated with 500mM NaCl (Fig. 31). These data might suggest a possible protective role 

of PLDα1 in these curved areas of retracting protoplasts detached from the cell wall 

during plasmolysis. 

Discussion 

PLD is a major family of membrane phospholipid-hydrolyzing enzymes in plants.  

A. thaliana PLDα1 and its product PA are involved in a variety of cellular and 

physiological processes, such as regulation of stomatal closure and opening, biotic and 

abiotic stress signalling, and regulation of cytoskeletal organization (Qin et al., 1997; 

Zhang et al., 2004; Bargmann and Munnik, 2006; Pleskot et al., 2013; Hong et al., 

2016). Here we employed advanced microscopic methods to reveal precise 

developmental expression pattern and subcellular localization of PLDα1 in two rescued 

pldα1 mutant lines. 

ABA is an important hormone that regulates the adaptation of plants to various abiotic 

stresses (Danquah et al., 2014). It was shown by previous studies that pldα1 mutant 

plants did not exhibit significant differences in morphological and developmental 

characteristics as compared to wild type plants (Fan et al., 1997; Zhang et al., 2012). 

However, PLDα1 controls proper water balance in plant responding to ABA hormone 

by stomatal closure which was impaired in pldα1 KO mutants (Zhang et al., 2004; Guo 

et al., 2012; Jiang et al., 2014). Here we transformed pldα1-1 and pldα1-2 mutant plants 

with proPLDα::PLDα1-YFP construct and we observed stomatal closure after ABA 
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treatment similar to the wild type, suggesting functional complementation of both 

mutants by this construct. 

Developmental expression pattern and localization of PLDα1-YFP 

A previous study assessing organ distribution of PLDα1 protein in Arabidopsis plants 

by immunoblotting analysis showed higher amounts of this protein in flowers, stems, 

roots and siliques rather than in other organs. Moreover, the highest activity of PLDα1 

was found in soluble fractions isolated from roots, flowers and siliques (Fan et al., 

1999). This study, however, lacked cellular resolution within these organs. In contrast, 

advanced microscopy imaging used in our experiments revealed high expression levels 

of PLDα1-YFP in the apical and lateral root cap cells. These findings were in agreement 

with absolute expression levels of PLDα1 transcript from Genevestigator transcriptomic 

data (Brady et al., 2007). High expression levels of PLDα1-YFP were found also in 

trichoblast cell files and in developing roots hairs suggesting its role during root hair 

development. These results are supported by work of Potocký et al. (2014) reporting PA 

localization in the plasma membrane of tip-growing pollen tubes. In the aerial part of 

the plant we observed high PLDα1-YFP protein signal in pavement and stomata guard 

cells, which is again in accordance to Genevestigator transcriptomic data (Yang et al., 

2008). On the other hand, and in contrary to Genevestigator transcriptomic data, we 

observed high expression levels of PLDα1-YFP in developing trichomes (Marks et al., 

2009). These results support the role of PLDα1 protein in cell developmental processes 

and polar cell growth. 

Cytoplasmic localization of PLDα1-YFP 

The subcellular distribution of PLDα1 based on immunoblotting analyses of 

fractionated extracts of Arabidopsis leaves revealed the highest content at the plasma 

membrane, CCVs, intracellular membranes and mitochondria while only a small 

amount of protein was detected in nuclei (Fan et al., 1999). 

Previously, PLD was implicated to link cortical microtubules to the plasma membrane 

(Dhonukshe et al., 2003). Later it was shown that PLDδ is the cortical microtubule-

binding protein (Ho et al., 2009; Andreeva et al., 2009). Moreover, a current study 

showed colocalization of the PLDδ with cortical microtubules near to the plasma 

membrane in Arabidopsis hypocotyl cells (Zhang et al., 2017b). Many microtubule-

dependent processes, e.g. mitosis, cytokinesis, cell elongation and signal transduction 
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are controlled by microtubule dynamics (Wymer and Lloyd, 1996; Hashimoto and Kato, 

2006; Jiang et al., 2014). Under normal conditions, pldα1 plants showed no changes in 

microtubule organization and density as compared to wild type plants (Zhang et al., 

2012). However, PLDα1 KO in Arabidopsis leads to more severe disruption of cortical 

microtubules by inhibitors (Zhang et al., 2017a) or under salt stress conditions (Zhang et 

al., 2012). Furthermore, PA produced by activated PLDα1 directs AtMAP65-1 to the 

plasma membrane and enhances its microtubule stabilizing activity, thus microtubules 

are stabilized and cell survival is enhanced under the salt stress conditions (Zhang et al., 

2012; Pleskot et al., 2014). 

PLDα1 is the most abundant PLD present in both soluble and membrane fractions. It 

translocates from cytosolic to membrane fractions to hydrolyze membrane lipids under 

stress conditions (Wang et al., 2000; Hong et al., 2016). In our study we observed 

mainly cytoplasmic localization of PLDα1-YFP, sometimes in the vicinity of cortical 

microtubules, in non-dividing cells. By contrast, the localization of PLDδ which 

interacts with cortical microtubules was primarily restricted to the plasma membrane 

(Zhang et al., 2017b). With the entering of the cell to the mitosis PLDα1-YFP was 

enriched at mitotic microtubule arrays, namely PPB, microtubules of mitotic spindle in 

prophase, metaphase and anaphase, as well as to microtubules of the phragmoplast 

during cytokinesis. Although, colocalization between PLDα1 protein and microtubules 

was not previously observed in non-dividing protoplasts (Zhang et al., 2012), we 

detected accumulation of PLDα1-YFP at microtubule arrays during mitotic progression. 

These results were further confirmed using immunofluorescence colocalization of 

PLDα1-YFP and microtubules. PLDα1-YFP protein was slightly accumulated and 

partially colocalized with microtubules of preprophase band, spindle and both early and 

late phragmoplast. 

Multiple PLDs have been implicated to have redundant roles in the same physiological 

processes, such as hyperosmotic stress and ABA signalling. However, their mechanisms 

of action might be different. KO of either PLDα1 or PLDδ cause the inhibition of ABA-

induced stomatal closure while loss of both genes renders the stomata almost 

completely insensitive to ABA (Zhang et al., 2004; Guo et al., 2012; Uraji et al., 2012; 

Hong et al., 2016). Moreover, PLDα1, through PA as an intermediate, promotes H2O2 

production, whereas PLDδ mediates the response to H2O2 in the ABA signalling 

pathway. In this scenario PLDα1 can indirectly regulate PLDδ activity through ROS 
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production (Guo et al., 2012; Hong et al., 2016). GhPLDα1 and H2O2 in the upland 

cotton (Gossypium hirsutum) are important components during the onset of the 

secondary cell wall thickening suggesting a putative role of PLDα1 in the vesicle 

trafficking (Tang and Liu, 2017). Furthermore, PLDα1 produced PA directs AtMAP65-

1 to the plasma membrane and enhances its microtubule stabilizing activity, thus 

microtubules are stabilized and cell survival is enhanced under salt stress conditions 

(Zhang et al., 2012; Pleskot et al., 2014). Based on these findings, the question is posed 

whether PLDα1 can regulate mitotic progress alone or through PA, e.g. through the 

interaction with e.g. MAP65 proteins and/or PLDδ protein. More experiments should be 

performed to clarify the molecular mechanism by which PLDα1 affects mitotic 

microtubule arrays. 

The mammalian PLD–PA signalling complex mediates protein–membrane interactions 

and membrane–cytoskeleton interfaces, and is involved in vesicle trafficking processes, 

such as exocytosis, endocytosis, membrane delivery and vesicle budding (McMahon 

and Gallop, 2005; Donaldson, 2009). Vesicle coating proteins, ARFs, Rho GTPases and 

soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins, 

facilitate vesicle formation, transport and fusion with the target organelle through PLD 

activators or as PA-binding or recruiting proteins (Chernomordik and Kozlov, 2003; 

Donaldson, 2009). In plants, there is some evidence that ARFs, Rho GTPases and 

SNARE proteins are involved in vesicle targeting to the cell division plane, vesicle 

fusion and cell plate biogenesis, although the exact roles of particular signalling proteins 

remains elusive (El Kasmi et al., 2013; Smertenko et al., 2017). 

SPO14 is phospholipase D in Saccharomyces cerevisiae, which specifically hydrolyzes 

phosphatidylcholine to generate choline and PA. In vegetative cells, SPO14p localizes 

to the cytoplasm and is not required for normal growth. However, during sporulation, 

SPO14p localizes to the spindle pole bodies and prospore membrane where it is 

required for sporulation (Rudge et al., 1998; Liu et al., 2007). One function of SPO14p 

generated PA is to localize t-SNARE protein Spo20p to the prospore membrane 

(Nakanishi et al., 2006; Liu et al., 2007). As mentioned above, PLDα1 was enriched in 

the CCVs which predicts its role in vesicular trafficking (Fan et al., 1999). Furthermore, 

clathrin heavy chain isoforms and AP180 N-terminal homology domain clathrin-

assembly proteins were identified as a PA binding proteins in a previous proteomic 

study (McLoughlin et al., 2013). Similarly, epsin-like clathrin adaptor 1 binds PA under 
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the negative membrane curvature stress in Arabidopsis (Putta et al., 2016). Furthermore, 

PLDα1 coimmunoprecipitates with Arabidopsis AP-2 complex and clathrin (Yamaoka 

et al., 2013), indicating that PLDα1 contributes to clathrin-mediated endocytosis. These 

data indicate that proteins involved in the clathrin-dependent endocytosis are potential 

targets of PLDα1-generated PA. Here we provide evidence for close associations of 

PLDα1-YFP with cortical and mitotic microtubules during cell division. It has been 

shown previously that the PPB region at the cell cortex possess a large number of CCPs 

and CCVs. Expected role of clathrin-mediated endocytosis in the PPB region is related 

to the regulated modification of the cell cortex by controlled removal of particular 

membrane proteins by endocytosis, being part of the cell division plane memory 

establishment (Karahara et al., 2009). Centrifugal expansion of the phragmoplast during 

cytokinesis is driven by microtubule polymerization with substantial microtubule 

stabilization by bundling at the leading edge of the phragmoplast (Murata et al., 2013). 

Phragmoplast microtubules are responsible for delivery of vesicles creating cell plate in 

the mid-zone region. Cell plate formation, however, is also based on removal of excess 

membrane and cell wall material. Endocytosis and membrane recycling thus play an 

indispensable role during cell plate expansion (van Oostende-Triplet et al., 2017). 

Endocytosis was implicated in the spatial restriction of syntaxin protein KNOLLE to the 

cell plate (Boutté et al., 2010) and in the removal of the cellulose synthase enzymes 

from the central part and their recycling to the peripheral growth zone of the cell plate 

(Miart et al., 2014). Consistently with these observations electron tomography analysis 

revealed a high density of CCPs and CCVs during the transformation of the tubulo-

vesicular network to a planar fenestrated sheet during cell plate formation (Seguí-

Simarro et al., 2004). CCPs and CCVs were mostly localized at the trailing (inner) edge 

of the enlarging phragmoplast. Internalization and recycling of material from the central 

part and its delivery to the leading edges of maturing cell plate were thus definitely 

connected to clathrin-dependent endocytosis (Boutté et al., 2010; Ito et al., 2012; Teh et 

al., 2013; Miart et al., 2014). Based on these findings and on our results we suggest that 

PLDα1 and its product PA might participate in the complex signalling network involved 

in the vesicle trafficking and membrane assembly during plant cytokinesis. Although 

the precise mechanism by which PLDα1 or PA are involved in these processes is 

unknown. Our results indicate that PLDα1 localized on microtubule surface can 

potentially functions as molecular glue for CCPs and CCVs associated with 
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microtubules. This is further corroborated by the observation that microtubule-

colocalized clathrin structures are quantitatively absent in the pldα1 mutant. 

In animal literature it is suggested that PLD and PA regulate vesicle formation from 

cellular membranes. One possible mechanism is that physiochemical properties of PLD 

and PA as well as their protein-protein and lipid-protein interactions (e.g. with dynamin, 

COPI, kinesin, ARF, small GTPases, phosphatases, kinases and phosphoinositols) 

might regulate such vesicle formation (Manifava et al., 2001; Roth, 2008; Brito de 

Souza et al., 2014). More physiological and functional studies will be needed to prove 

this concept experimentally. But complex pattern of PLDα1 developmental expression, 

subcellular localization and its close association with cortical and mitotic microtubules 

in Arabidopsis documented here by advanced microscopy methods substantially 

contribute to this scenario and will promote further research in this topic. 
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Conclusions 

First part of this thesis briefly summarizes current knowledge on plant microtubules and 

microtubule end-binding protein family, focused on EB1c protein. Further it introduces 

phospholipases, especially PLDα1 protein and potential connection of EB1c and PLDα1 

to mitogen activated protein kinases. Likewise, conventional and advanced microscopy 

techniques are briefly explained. 

Experimental part of this work describes developmental localization of microtubule 

EB1c protein in Arabidopsis root using advanced LSFM. Construct 

proEB1c::EB1c:GFP was stably transformed to Arabidopsis thaliana. Presence of 

chimeric EB1c-GFP protein was confirmed in T2 generation by protein extraction 

followed by SDS-PAGE and immunoblot analysis using anti-GFP antibody. 

Arabidopsis seedlings showing EB1c-GFP expression were observed using minimally 

invasive and phototoxic LSFM. We were able to address and quantify nuclear 

localization of EB1c in meristematic, transition and elongation root zones in three 

important root tissues such as epidermis, cortex and endodermis. Moreover, we 

correlated nuclear sizes with EB1c expression levels. Results demonstrate high potential 

of LSFM for 4-D live fluorescent imaging of plant samples such as growing roots. One 

indisputable advantage of LSFM is capacity to visualize proteins in deeper cell layers 

(e.g. endodermis) with minimal optical aberrations. Our results supported the unique 

role of the transition root zone in the cell reprogramming during their developmental 

transition from proliferation to differentiation in the developing root apex. We also 

cloned EB1c gene under control of native EB1c promotor and fused with DRONPA. 

Expression of chimeric EB1c-DRONPA protein was checked using transient 

transformation of Nicotiana benthamina before stable transformation of A.thaliana. 

This chimeric protein was localized to nuclear subdomains using super-resolution 

PALM microscopy. 

Subsequently, we utilized advanced microscopy, namely LSFM, for developmental 

imaging of PLDα1 under natural conditions to explore cell-type specific expression 

patterns of this protein. KO pldα1 mutants were complemented with PLDα1 under 

control of native PLDα1 promotor and fused with YFP. Stomata of cotyledons from 

wild type plants and plants complemented with PLDα1-YFP responded by closing to 

ABA treatment, in contrast to pldα1 mutants insensitive to ABA in this respect. 

Microscopic observations revealed high accumulation of PLDα1-YFP in the root cap, 
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trichoblasts and tips of root hairs. A relatively high expression of PLDα1-YFP was 

observed in hypocotyl epidermal cells, pavement and stomatal guard cells of 

cotyledons, and in leaf epidermis, stomata guard cells, trichomes and petioles. PLDα1-

YFP was colocalized with microtubules visualized by pUBQ1:mRFP::TUB6 construct 

in both dividing and non-dividing cells. This experiment showed accumulation of 

PLDα1-YFP on mitotic spindles and phragmoplasts. Thus, we provided a high-

resolution subcellular localization of PLDα1 in both dividing and non-dividing 

Arabidopsis cells in the root meristem and leaf petioles. 
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+TIPs     microtubule plus-end tracking proteins      

AA     amino acid   

ABA     abscisic acid        

ABPs     actin-binding proteins        

AFs     actin filaments         

ATP    adenosine triphosphate 

AU    arbitrary unit 

bp    base pair 

BSA    bovine serum albumin 

C2    calcium-dependent phospholipid -binding domain   

C2-PLDs calcium-dependent phospholipid binding domain-

containing PLDs 

CCD  coupled with charge-coupled device 

CCP clathrin-coated pits 

CCV clathrin-coated vesicles 

CDK     cyclin-dependent kinase       

CH     calponin-homology domain      

CLSM    confocal laser scanning microscopy     

Col-0    Arabidopsis thaliana ecotype Columbia-0 

C-terminal    carboxy-terminal      

DAG     diacylglycerol        

DAPI 4′,6-diamidino-2-phenylindole 

D-domain    docking domain        

DGK     diacylglycerolkinase       

DIC     differential interference contrast 

DNA    deoxyribonucleic acid 

EB1    End-binding 1        

eb1a eb1b double knock-out mutant of END-BINDING 1 a and 

END-BINDING 1 b 

EB1a END-BINDING 1 a 

EB1b END-BINDING 1 b 

EB1c     END-BINDING 1 c        
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eb1c knock-out mutant of END-BINDING 1 c 

EBH     EB1 unique homology domain      

ECL    enhanced chemiluminescence 

EM     electron microscope       

ER     endoplasmic reticulum       

fABD2 actin-binding domain 2 of Arabidopsis fimbrin 

F-actin    filamentous actin        

FEP    fluorinated ethylene propylene 

FM4-64   styryl dye for plasma membrane visualization 

Fw     forward primer  

g    gravity of Earth 

G-actin    globular actin         

gDNA    genomic DNA 

GFP     GREEN FLUORESCENT PROTEIN     

GPI-PLC    glycosylphosphatidylinositol PLC     

HKD     HxKxxxxD domain   

HRP horseradish peroxidase 

JA     jasmonic acid        

kDa    kilodaltons 

KO     knock-out        

LSFM     light-sheet fluorescence microscopy     

MAP4 MICROTUBULE-ASSOCIATED PROTEIN 4 

MAP65 microtubule-associated proteins 65 

MAP65-1   MICROTUBULE ASSOCIATED PROTEIN 65-1   

MAPKK or MAP2K   mitogen-activated protein kinase kinase      

MAPKKK or MAP3K  mitogen-activated protein kinase kinase kinase     

MAPKKKKs or MAP4Ks  MAPKKK kinases        

MAPKs    mitogen-activated protein kinases      

MAPs     microtubule-associated proteins      

MPK3 MITOGEN-ACTIVATED PROTEIN KINASE 3 

MPK4 MITOGEN-ACTIVATED PROTEIN KINASE 4 

MPK6 MITOGEN-ACTIVATED PROTEIN KINASE 6 

mRFP    RED FLUORESCENT PROTEIN 

MS    Murashige & Skoog 
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MTB1 microtubule binding domain 1 

MTB2 microtubule binding domain 2 

MTs     microtubules       

NA     numerical aperture       

NAEs     N-acylethanolamines       

NLS     nuclear localization sequence      

NPC     nonspecific PLC       

N-terminal    amino-terminal       

OD600    optical density measured at a wavelength of 600 nm 

OE     overexpressing        

ORF    open reading frame 

PA     phosphatidic acid        

PALM photoactivation localization microscopy 

PC     phophatidylcholine       

PCR    polymerase chain reaction 

PE     phosphatidylethanolamine      

PG     phosphatidylglycerol       

PH     Pleckstrin homology domain  

PIP2    phosphatidylinositolbisphosphate     

PI-PLC    phosphoinositide-specific PLC   

PL    phospholipase   

PLA     phospholipase A      

PLB     phospholipase B      

PLC     phospholipase C       

PLD     phospholipase D       

pldα1 x map65-1 double knock-out mutant of PHOSPHOLIPASE D 

ALPHA 1 and MICROTUBULE ASSOCIATED 

PROTEIN 65-1 

PLDα1    PHOSPHOLIPASE D ALPHA 1     

pldα1 knock-out mutant of PHOSPHOLIPASE D ALPHA 1 

pldα1/δ double knock-out mutant of PHOSPHOLIPASE D 

ALPHA 1 and PHOSPHOLIPASE D DELTA 

PLDα2    PHOSPHOLIPASE D ALPHA 2 

PLDα3    PHOSPHOLIPASE D ALPHA 3 
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pldα3    knock-out mutant of PHOSPHOLIPASE D ALPHA 3 

PLDβ    PHOSPHOLIPASE D BETA  

PLDβ1    PHOSPHOLIPASE D BETA 1 

PLDβ2    PHOSPHOLIPASE D BETA 2 

PLDγ    PHOSPHOLIPASE D GAMMA 

PLDγ1    PHOSPHOLIPASE D GAMMA 1 

PLDγ2    PHOSPHOLIPASE D GAMMA 2 

PLDγ3    PHOSPHOLIPASE D GAMMA 3 

pldδ    knock-out mutant of PHOSPHOLIPASE D DELTA 

PLDδ    PHOSPHOLIPASE D DELTA 

pldε    knock-out mutant of PHOSPHOLIPASE D EPSILON 

PLDε    PHOSPHOLIPASE D EPSILON 

PLDζ    PHOSPHOLIPASE D ZETA 

PLDζ1    PHOSPHOLIPASE D ZETA 1 

PLDζ2    PHOSPHOLIPASE D ZETA 2 

PM     plasma membrane       

PPB     preprophase band        

PS     phosphatidylserine       

PVDF    polyvinylidene difluoride 

PX     Phox homology       

PX/PH-PLDs Pleckstrin homology and Phox homology domain-

containing PLDs 

Rev     reverse primer 

RNA    ribonucleic acid 

R-OH primary alcohol 

ROS     reactive oxygen species      

rpm    revolutions per minute 

SA     salicylic acid        

SD    standard deviation  

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis 

sCMOS complementary metal–oxide–semiconductor 

SIM structured illumination microscopy 
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SNARE soluble N-ethylmaleimide-sensitive factor attachment 

receptor 

SNR     signal-to-noise ratio       

SP-motif    Pro directed Ser/Thr motif       

SPO14 phospholipase D in Saccharomyces cerevisiae 

TBS Tris-buffered-saline 

TBS-T TBS, 0.1% Tween 20 

T-DNA   transfer DNA 

TUB6    β-TUBULIN 6 

UV    ultra violet 

WLIM1 Widely-expressed LIM protein 1 

YFP     YELLOW FLUORESCENT PROTEIN 
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Abstract 

This Ph.D. thesis is focused mainly on END-BINDING protein 1c (EB1c) and 

PHOSPHOLIPASE D ALPHA 1 (PLDα1) protein including their developmental expression 

and localization in Arabidopsis thaliana seedlings using advanced microscopy techniques. 

Primary root of higher plants is anatomically defined laterally by the existence of cell files in 

particular tissues and longitudinally by the presence of distinct developmental zones. Plant 

specific EB1c, one of the three members of EB1 proteins of Arabidopsis thaliana, shows 

prominent nuclear localization in non-dividing cells in the root apex. Using advanced light-

sheet fluorescence microscopy (LSFM), we quantified developmentally regulated expression 

levels of GFP-tagged EB1c protein under the control of native EB1c promoter. This was done 

in relation to the nuclear sizes in diverse root tissues (epidermis, cortex and endodermis) and 

root developmental zones (meristematic, transition and elongation zone). Our results 

supported the unique role of the transition root zone in the developmental cell reprogramming 

during the transition of cells from cell proliferation to cell differentiation in the developing 

root apex. Moreover, DRONPA-tagged EB1c construct under the control of EB1c native 

promoter was cloned, transiently transformed to Nicotiana benthamiana leaves and stably 

transformed to Arabidopsis thaliana plants. Photoactivation localization microscopy showed 

spot-like accumulation of EB1c-DRONPA in the nucleus. 

PLDα1 and its product phosphatidic acid play important roles in many cellular and 

physiological processes. Here we aimed to study developmental expression pattern and 

subcellular localization of PLDα1 using combination of LSFM, structured illumination 

microscopy, spinning disk and confocal microscopy. Complemented knock-out pldα1 mutants 

with YFP-tagged PLDα1 under control of PLDα1 native promoter showed higher 

accumulation of PLDα1-YFP in the root cap and in tips of growing root hairs. In aerial parts 

PLDα1-YFP was localized in the cytoplasm with enhanced accumulation in the cortical 

cytoplasmic layer of epidermal non-dividing cells of leaves, petioles and hypocotyls. 

However, in dividing root and petiole cells PLDα1-YFP was enriched in mitotic spindles and 

phragmoplasts, as suggested by co-visualization with microtubules. This study revealed 

developmentally-controlled expression and subcellular localization of PLDα1 in dividing and 

non-dividing cells. 
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Aim of work 

 Summary of the recent knowledge on cytoskeleton, mitogen activated protein kinases, 

end-binding 1 focused on EB1c protein, phospholipases focused on PLDα1 and 

microscopy. 

 Developmental localization and quantification of EB1c protein in Arabidopsis root 

using light-sheet fluorescence microscopy. 

 Preparation of proEB1c::EB1c:DRONPA and its transient transformation in Nicotiana 

benthamiana leaves and stable transformation in Arabidopsis thaliana plants. 

 Identification and transformation of pldα1 mutant with proPLDα1::PLDα1:YFP 

construct. 

 Investigation of developmental expression pattern and subcellular localization of 

PLDα1-YFP in Arabidopsis seedlings.  
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Introduction 

Microtubules  

Microtubules (MTs) in plant cells were first investigated by electron microscope (EM) during 

the 1960s (Ledbetter and Porter, 1963). They form tubular polymers of 13 protofilaments, 

which are composed from two globular proteins, α- and β-tubulin making heterodimers. Inner 

diameter of MT cylinder in EM is 14 nm while outer diameter is 25 nm (Tilney et al., 1973). 

In Arabidopsis, 6 isoforms of α- and 9 isoforms of β-tubulin were discovered. MT structure is 

polarized and dynamic plus-end of growing or shrinking MT ends with β-tubulin, while 

minus-end is ending with α-tubulin.  

Plant MT system includes cortical MT array (Fig. 1A), preprophase band (PPB), mitotic 

spindle and phragmoplast. Precise coordination of MT reorganization is necessary for proper 

cell expansion and division. Cortical MTs are close to the cell wall and usually form parallel 

arrays coordinated with the axis of expansion. In the G2 phase of the cell cycle, MTs create 

ring around nucleus which is called PPB (Fig. 1B). PPB is the determinant of cell division 

plane orientation.  Decomposition of nuclear envelope and PPB coincide with formation of 

MT-based mitotic spindle. The function of mitotic spindle (Fig. 1C) is separation of 

chromosomes. In plant cells, spindle poles are not tightly focused in centrosomes as in animal 

cells (Baskin and Cande, 1990). At the anaphase, the phragmoplast is formed. Phragmoplast is 

bipolar with MT plus ends orientated to the cell midplane (Fig. 1D). Phragmoplast is 

expanding centrifugally from the middle of the dividing cell to the parent cell wall (Fig. 1E). 

After cell division, MTs are abundant at the periphery of nucleus and radiate toward cell wall. 

This endoplasmic array of MTs array is transient (Hasezawa et al., 2000). After this stage, 

MTs accumulate at the cell periphery in the close association with plasma membrane (PM) 

(Fig. 1F). 

Plant MTs have been successfully visualized using both green fluorescent protein (GFP) GFP-

tubulin fusions (Nakamura et al., 2004) and GFP-tagged microtubule-associated proteins 

(MAPs) such as mammalian MICROTUBULE-ASSOCIATED PROTEIN 4 (MAP4) (Marc 

et al., 1998) or several isoforms of Arabidopsis microtubule-associated proteins 65 (MAP65) 

(Van Damme et al., 2004). 
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Fig. 1 The schematic illustration of microtubule arrays (green) through plant cell cycle showing 
position of nuclei and chromosomes (blue). (A) Interphase cell with cortical microtubules, (B) cell in 

G2 phase with preprophase band, (C) metaphase spindle, (D) early phragmoplast, (E) late 

phragmoplast, (F) interphase G1 cells. Adapted from Wasteneys, (2002). 

Introduction to EB1c  

Microtubule plus-end tracking proteins  

MT plus-end tracking proteins (+TIPs) are conserved proteins in eukaryotes and regulate MTs 

plus-end dynamics (Jiang and Akhmanova, 2011). First identified +TIPs were plant proteins 

from End-Binding 1 (EB1) family (Chan et al., 2003). 

EB1 

EB1 family of proteins represents a typical example of +TIPs. EB1 proteins regulate spindle 

MT dynamics (Draviam et al., 2006), serve for recruitment of other +TIPs (Akhmanova and 

Steinmetz, 2008) and might be targeted to kinetochores (Tirnauer et al., 2002). They are 

composed of C-terminal EB1 unique homology domain (EBH) responsible for EB1 

dimerization and interaction with other proteins. Moreover, C-terminal part contains 

autoinhibitory domain interacting with amino-terminal (N-terminal) calponin-homology (CH) 

domain (Hayashi et al., 2005) which is also responsible for the interaction with MTs 

(Komarova et al., 2009). 

Arabidopsis genome encodes three EB1 proteins, namely END-BINDING 1 a (EB1a) 

(At3g47690), END-BINDING 1 b (EB1b) (At5g62500) and END-BINDING 1 c (EB1c) 

(At5g67270) (Bisgrove et al., 2008). EB1a and EB1b are typical members of MTs +TIPs. 

When fused with GFP under the control of native promotor, all EB1 members localize to 

mitotic spindle and phragmoplast, however, only EB1a and EB1b decorate the plus ends of 

cortical MTs during the interphase (Chan et al., 2003; Mathur et al., 2003; Komaki et al., 

2010). In contrast, EB1c shows nuclear localization during the interphase and seems to have 

some different functions (Bisgrove et al., 2008; Komaki et al., 2010). EB1a and EB1b share 
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78% identity at amino acid (AA) level. EB1c shares only 49% homology with EB1a and 

EB1b (Bisgrove et al., 2008). EB1a and EB1b, but not EB1c, possess acidic AA residues on 

carboxy-terminal (C-terminal) tail showing autoinhibitory function. EB1a and EB1b can form 

both homodimers and heterodimers. 

EB1c  

Plant specific EB1c of Arabidopsis thaliana shows prominent nuclear localization in non-

dividing interphase and post-cytokinetic cells of root apex (Komaki et al., 2010, Novák et al., 

2016). In comparison to EB1a and EB1b, C-terminal part of EB1c contains nuclear 

localization sequence (NLS) including basic residues and protein becomes actively 

transported to the nucleus at the end of cytokinesis (Bisgrove et al., 2008). EB1c forms only 

homodimers. In addition, EB1c contains five Pro directed Ser/Thr motif (SP-motives) at 

positions 162, 163, 198, 271 and 307 and one docking domain (D-domain) motif 

KRKLIVNLDV at positions 289-298 which is targeted by protein kinases implicated in the 

cell cycle including mitogen-activated protein kinases (MAPK) and cyclin-dependent kinase 

(CDK) (Šamajová et al., 2013). It is known that proteins from animal EB1 family are 

regulated by phosphorylation (Tamura and Draviam, 2012). Recently, interaction between 

EB1c and MAPK called MITOGEN-ACTIVATED PROTEIN KINASE 6 (MPK6) was 

shown in plants (Kohoutová et al., 2015). Knock-out (KO) eb1c (mutant of END-BINDING 1 

c ) mutants are hypersensitive to MT disrupting drugs (Bisgrove et al., 2008) and show 

fragmented phragmoplasts and collapsed spindles more frequently than double eb1a eb1b 

(mutant of END-BINDING 1 a and END-BINDING 1 b) mutants (Komaki et al., 2010). This 

effect is more pronounced after treatment with oryzalin, a MT depolymerizing drug. 

Altogether, these data indicate that EB1c plays important role in chromosome segregation in 

plants. 

Introduction to phospholipases  

Lipases are serine hydrolases defined as triacylglycerol acyl hydrolases (E.C. 3.1.1.3.) 

widespread in nature (Casas-Godoy et al., 2012). Lipases catalyze hydrolysis of the ester bond 

of mono-, di- and tri-glycerides into glycerol and fatty acid. 

Phospholipases  

Phospholipids are major components of all biological membranes in all living organisms. 

Phospholipases (PLs) can cleave various bonds in phospholipids, and they are widespread in 

nature. PLs are divided to four major classes: A (subdivided in A1 and A2), B, C and D. 
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These classes are distinguished by the type of catalytic reaction.  The phospholipases A 

(PLA1 and PLA2) produce free fatty acid and 1-acyl lysophospholipid or 2-acyl 

lysophospolipid, respectively. Phospholipase B (PLB) cleaves fatty acid linked to the 

lysophospholipid (it is also named lysophospholipase). Phospholipase C (PLC) cleaves 

glycerophosphate bond like phosphodiesterase while phospholipase D (PLD) cleaves 

phosphodieteric bond (phosphorus-oxygen) after the phosphate. PLs A1, A2, C and D have 

been partially characterized in plants (Wang, 2001). They play important roles in cellular 

regulations, lipid degradation and membrane lipid remodeling (Wang, 2004). These cellular 

regulations include signalling, responses to drought (Sang et al., 2001), salt (Hong et al., 

2008) and other abiotic and biotic stresses, vesicular trafficking, secretion, stomatal opening 

and closure (Jiang et al., 2014), cytoskeletal remodeling (Zhang et al., 2012) and promoting 

pollen tube growth. Furthermore, some phospholipases are involved in biosynthesis of storage 

lipids like triacylglycerol. 

PLD  

Family of PLD enzymes (E.C. 3.1.4.4.) represents the main group of membrane phospholipid 

enzymes in plants. PLDs catalyze the hydrolysis of structural glycerophospholipids, e.g. 

phophatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) as 

substrates (Pappan et al., 1998) to produce membrane-derived secondary messenger 

phosphatidic acid (PA). This process of transphosphatidylation of water producing PA, also 

produces free soluble head group e.g. choline or ethanolamine, respectively (Munnik and 

Musgrave, 2001). Genome of the Arabidopsis thaliana contains twelve PLD genes in 

comparison to only two genes in animals and one in yeast (Eliáš et al., 2002; Wang et al., 

2012). Plant PLDs can be subdivided to six classes:  α (α1, α2, α3), β (β1, β2), γ (γ1, γ2, γ3), 

δ, ε and ζ (ζ1, ζ2) based on their gene architecture, domain structures, sequence similarities, 

protein sequence homology and biochemical properties (Qin and Wang, 2002).  

Reaction catalyzed by PLD  

The transphosphatidylation reaction is catalyzed in two steps. In the first step, the head group 

is removed, and in the second one, covalent phosphatidyl-PLD product is formed between 

histidine nucleophile residue (in one HKD motif) and phosphorus.  Histidine residue from 

second HKD motif acts as general acid in the cleavage of phosphodiester bond (Stuckey and 

Dixon, 1999). PLD catalyzes transphosphatidylation reaction in the presence of primary 

alcohol. This reaction is unique to PLD and can be used for identification of enzyme activity 

in vivo. Phosphatidyl moiety is transferred to a primary alcohol (R-OH), such as 1-buthanol to 
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produce phosphatidylbuthanol (Heller, 1978; Quarles and Dawson, 1969). Formation of the 

phosphatidylalcohol can be used like an indicator for PLD activity while alcohol treatments 

have been used to investigate PLD function. Production of PA is activated in stress responses 

by both PLDs and PLC while diacylglycerolkinase (DGK) also contributes to PA production 

(Meijer and Munnik, 2003). 

The presence of high concentration of Ca
2+

 (millimolar concentration) and acidic pH are 

essential for in vitro activation of PLDα class but it does not require inclusion of 

phosphatidylinositolbisphosphate (PIP2) in the lipid substrate. Ca
2+

 requirement by 

PHOSPHOLIPASE D ALPHA 1 (PLDα1) is similar to physiological conditions. 

PHOSPHOLIPASE D BETA (PLDβ) and PHOSPHOLIPASE D GAMMA (PLDγ) classes 

require PIP2, neutral pH and micromolar concentration of Ca
2+

 in vitro. PHOSPHOLIPASE D 

DELTA (PLDδ) is PIP2 independent, active atmicromolar to millimolar concentrations of 

Ca
2+

 at neutral pH, and it is stimulated by free monounsaturated fatty acid oleate (Qin et al., 

2002). PHOSPHOLIPASE D EPSILON (PLDε) is active at similar conditions to PLDα1 and 

PLDδ, and it requires oleic acid for activity with micromolar concentration of Ca
2+

 (Hong et 

al., 2009).  In contrast, two members of PHOSPHOLIPASE D ZETA (PLDζ) class do not 

require Ca
2+

 but they require neutral pH and PIP2 (Qin and Wang, 2002). In plants, PLD 

activity is also regulated by α-subunits of heterotrimeric G-proteins (Lein and Saalbach, 2001) 

and by actin cytoskeleton (Kusner et al., 2003). PLDs requirements of PLDs and their distinct 

biochemical properties are summarized in. 

PLD protein domains 

Most PLD enzymes in eukaryotes possess at N-terminus calcium-dependent phospholipid-

binding domain (C2), whereas mammalian and plant members of PLDζ contain Phox 

Homology (PX) and Pleckstrin Homology (PH) domains responsible for lipid binding. 

Characteristic active site at C-terminus consists of two duplicated and conserved HxKxxxxD 

domains (HKD) essential for lipase activity (Bargmann and Munnik, 2006). Both HKD motifs 

interact with each other to form the reactive center and they are separated by more than 300 

AA in Arabidopsis (Qin and Wang, 2002). Point mutations of conserved histidines to 

asparagines in the HKD motifs uncovered that these residues are critical for enzyme reactivity 

(Gottlin et al., 1998). PLDs in Arabidopsis can be subdivided into two groups. Ten PLDs 

(from subfamilies α, β, γ, δ and ε) contain C2 domain while two (from subfamily ζ) share 

more homology with mammalian and yeast PLDs and contain PX and PH lipid-binding 

domains. PX and PH domains mediate binding of PLDs to the membrane where they are 



11 

 

linked to polyphosphoinositide signalling (van Leeuwen et al., 2004). Moreover, C2 PH and 

PX domains are implicated in protein-protein interactions while C2 domain binds Ca
2+

 and 

phospholipids. This C2 domain consists of about 130 AA. Studies on mammalian PLDs 

proved that the PX domain is more critical for PLD activity in comparison to the PH domain. 

These results were obtained by deletion studies (Sung et al., 1999a; Sung et al., 1999b). 

According to their functional domains PLDs can be subdivided into two groups: the Pleckstrin 

homology and Phox homology domain-containing PLDs (PX/PH-PLDs) and the calcium-

dependent phospholipid binding domain-containing PLDs (C2-PLDs) (Hong et al., 2016). 

Interestingly, PLDβ1 contains actin binding site which is located after second HKD motif 

(Kusner et al., 2002). PLDα1 protein contains DRY homologue motif (between AA residues 

562 and 586) interacting with small G alpha protein and stimulating its GTPase activity (Zhao 

and Wang, 2004). Finally, PLDδ contains oleate-binding domain which is located after the 

first HKD motif (Wang and Wang, 2001). 

PLD substrates 

PLDs with C2 domains mainly utilize these substrates: PC, PE and PG (Qin and Wang, 2002). 

PLDα1, α3 and ε prefer PC and PE. PLDδ and γ1 prefer PE before PC. PLDα3 and PLDε can 

hydrolyze phosphatidylserine (PS) with low activity (Hong et al., 2008; Hong et al., 2009). 

Phosphatidylinositol activity has not been detected in the case of Arabidopsis PLDs tested in 

vitro (Li et al., 2009). PLDs with PX and PH domains mainly utilize PC as substrate (Qin and 

Wang, 2002). 

PLD localization 

PLDα1 is the most abundant PLD and its expression and subcellular localization is 

developmentally controlled (Fan et al., 1999). PLDα1 fluorescently tagged with YELLOW 

FLUORESCENT PROTEIN (YFP) and expressed under native promoter showed 

accumulation in the root cap and epidermis with considerably higher expression in 

thichoblasts before and during root hair formation and growth. PLDα1-YFP accumulated 

mainly in tips of growing root hairs. In root cap cells and in cells of root transition zone 

PLDα1-YFP showed cytoplasmic subcellular localization. In aerial parts of plants it was also 

localized in the cytoplasm showing enhanced accumulation in the cortical cytoplasmic layer 

of epidermal non-dividing cells of hypocotyls, leaves and leaf petioles (Novák et al., 2018). 

PLDγ was detected in the PM, intracellular membrane, nuclear and mitochondrial subcellular 

fractions of Arabidopsis leaves (Fan et al., 1999). PLDζ2 is localized to the tonoplast 
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(Yamaryo et al., 2008) while PLDα3, PLDδ and PLDε are associated with the PM (Hong et 

al., 2009; Hong et al., 2008). 

PLDα  

PHOSPHOLIPASE D ALPHA 2 (PLDα2) is much more similar to PLDα1 than 

PHOSPHOLIPASE D ALPHA 3 (PLDα3) in terms of sequence and expression pattern while 

expression level of PLDα1 is much higher than PLDα3. PLDα3 enhances root growth under 

hyperosmotic stress and plays a positive role during salt and drought stress (Hong et al., 

2008). KO mutant of PHOSPHOLIPASE D ALPHA 3 (pldα3) plants are more sensitive to 

hyperosmotic stress caused by salinity in comparison to PLDα1 overexpressing (OE) plants. 

Under water deficiency and salt stress pldα3 mutants show reduced root growth. Moreover, 

these mutants exhibit delayed flowering. Opposite situation is in OE PLDα3 plants showing 

early flowering enabling to complete life cycle earlier (Hong et al., 2008). 

PLDα1 

Arabidopsis PLDα1 protein (AT3G15730) contain C2 lipid binding domain on N-terminus 

(position 1-110 in AA sequence) and two HKD domains responsible for lipase activity 

(position 327-366 and 656-683 in AA sequence). According to PhosPhAt 4.0 database (Durek 

et al., 2010) SP-motif at position 481 can serve as potential MAPK phosphorylation site. 

PLDα1 is active in the presence of 20-100 mM Ca
2+

, by adding detergents it can be lowered 

to 5mM Ca
2+

. N-acylethanolamines (NAEs) are endogenous inhibitors of PLDα1 (Motes et 

al., 2005). These NAEs can by potentially produced by PLDγ and PLDβ (Austin-Brown and 

Chapman, 2002).  

In response to plant wounding, e.g. after herbivore attack, PLDα1 is activated in cells and its 

product PA plays very important role (Wang, 2000).  KO pldα1 mutant exhibits reduced 

production of PA while PA production is completely eliminated in double pldα1/δ mutant. 

Surprisingly, JA biosynthesis was not affected in this double pldα1/δ mutant (Bargmann et al., 

2009a). Abundance of PLDα1 was decreased after wortmannin treatment in Arabidopsis roots 

(Takáč et al., 2012). Wortmannin inhibits phosphatidyl inositol kinases and causes clustering 

and fusion of multivesicular bodies and trans-Golgi network which results in the inhibition of 

vacuolar trafficking. 

PA, as product of PLD, regulates MICROTUBULE ASSOCIATED PROTEIN 65-1 

(MAP65-1) in response to the salt stress (Zhang et al., 2012). MAP65-1 protein forms 25 nm 

cross-bridges between MTs during their bundling (Smertenko et al., 2004). This protein binds 
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to PA localized at the plasma membrane, and enhances MTs polymerization and bundling. 

Under normal conditions, wild type and pldα1 showed no obvious differences in MT 

organization and density. Salt stress affects association of MTs and MAP65-1 leading to MTs 

disorganization in the pldα1 mutant. This process can be alleviated by adding PA (16:0-18:2). 

Treatment with 1-butanol (0.4%) or co-treatment with 1-butanol (0.1%) and NaCl led to MTs 

depolymerization in wild type and pldα1 mutant. This process can be also alleviated by 

adding PA. By contrast, 2-butanol, which is not PLDα1 substrate, has no effect on MTs 

(Zhang et al., 2012). MAP65-1 binds to PA with fatty acid chains 16:0-18:1; 16:0-18:2; 18:0-

18:1 and 18:0-18:2. Thus, PA produced by PLDα1 binds to MAP65-1 which leads to MTs 

polymerization and stabilization and increase salt tolerance, but PLDα1 itself does not bind to 

MTs or MAP65-1 (Zhang et al., 2012). Mutation of the PA-binding domain of MAP65-1 

resulted in destabilization of cortical MTs and enhanced cell death under salt stress (Zhang et 

al., 2012). Moreover, overexpression of MAP65-1 improves NaCl tolerance of Arabidopsis 

cells, which is more obvious in the wild type than in the pldα1 mutant. On the other hand, 

double pldα1 x map65-1 mutant (double knock-out mutant of PHOSPHOLIPASE D ALPHA 

1 and MICROTUBULE ASSOCIATED PROTEIN 65-1) showed greater sensitivity to NaCl 

in comparison to single mutants (Zhang et al., 2012). 

During NaCl exposure, Na
+
 ions enter root, which leads to signalling response. MAPK called 

MITOGEN-ACTIVATED PROTEIN KINASE 6 (MPK6) has been identified as target of PA 

in response to salinity while pldα1 mutant showed lower level of MPK6 activity. PA binds 

and stimulates MPK6 which inhibits MAP65-1 activity through phosphorylation (Yu et al., 

2010). MAP65-1 inhibition results in less prominent MT bundling, (Smertenko et al., 2006; 

Beck et al., 2010) which might cause MT disorganization after stress exposure. On the other 

hand, PA also binds to MAP65-1 and increases MT polymerization activity (Zhang et al., 

2012). In Arabidopsis, MAP65-1 contains two microtubule binding domains (MTB), MTB1 

and MTB2 (Smertenko et al., 2008). MTB2 harbors the phosphorylation sites (from 495 to 

587 residues) which controls MAP65-1 activity (Smertenko et al., 2006; Smertenko et al., 

2008). The PA binding domains in MAP65-1 (from 1 to 150 and from 340 to 494 residues) 

are different from microtubule binding domains (Zhang et al., 2012), which suggest that 

MAP65-1 regulations by MAPKs and PA are different. 
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Developmental Nuclear Localization and Quantification of GFP-Tagged 

EB1c in Arabidopsis Root Using Light-Sheet Microscopy 

Material and Methods 

Protein extraction, SDS-PAGE and immunoblotting 

12 d old Arabidopsis plants expressing EB1c-GFP were analysed on fluorescent 

stereomicroscope Leica MZ FLIII (Leica Microsystems, Germany) for EB1c-GFP signal. 

Protein extraction was carried out from roots of plants expressing EB1c-GFP and from wild 

type Arabidopsis thaliana (L.) Heynh. (ecotype Columbia). Roots were harvested, weighted, 

flesh frozen and immediately ground in the liquid nitrogen. Powder was extracted in 

extraction buffer (1:1, w/v) (50 mM Na-HEPES pH 7.5, 150 mM NaCl, 1 mM MgCl2.6H2O, 

1 mM EGTA, 1 mM DTT, 1 mM NaF) supplemented with protease inhibitors Complete 

(Roche, Germany) and phosphatase inhibitors PhosStop (Roche, Germany). Crude extract was 

centrifuged 10 min, 8000 g at 4°C. Resulting supernatant was used for sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent western blot 

analysis. 15 µg of total protein was loaded on 8% SDS-PAGE gels followed by 

immunoblotting with polyvinylidene difluoride (PVDF) membrane and Western blotted with 

antibody against GFP (anti GFP rabbit ABCAM AB290) in dilution of 1:2000. Secondary 

antibody (goat anti-rabbit, Santa Cruz Biotechnology) was used in dilution of 1:5000. After 

incubation in enhanced chemiluminescence (ECL) reagents (according to manufacturer 

instructions), immunoreactive bands were documented using the BioRad ChemiDoc™ MP 

System. 

Plant material and sample preparation for light-sheet imaging 

Seeds of Arabidopsis thaliana (L.) Heynh. (ecotype Columbia) transgenic line expressing 

pEB1::cEB1c:GFP were surface sterilized, plated onto solidified ½ Murashige & Skoog (MS) 

medium and kept in 4°C for 4 days. After this period seeds were transferred to round 90 × 25 

mm Petri dishes filled with 80 ml of ½ MS medium solidified with 0.6% w/v Phytagel 

(Sigma-Aldrich, USA), and placed into small depressions facilitating gravitropic root growth 

inside solidified culture medium. Plates were cultivated in culture chamber horizontally for 2 

d at 22°C, 50% humidity, 16/8-h light/dark cycle. After germination of seedlings when they 

were 1 d old, they were enclosed by fluorinated ethylene propylene (FEP) tube with an inner 

diameter of 1.1 mm and wall thickness of 0.2 mm (Wolf-Technik, Germany). FEP tubes were 

carefully inserted into culture medium to enclose individual seedling inside (Ovečka et al., 
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2015). After 24 h seedlings in FEP tubes were removed from the plate, transferred to the 

microscope and prepared for imaging. All experiments and measurements were done on 2 d 

old seedlings. 

Light-sheet microscopy 

Developmental live cell imaging was done with the Lightsheet Z.1 fluorescence microscope 

(Carl Zeiss, Germany), equipped with W Plan-Apochromat 20×/1.0 NA water immersion 

detection objective (Carl Zeiss, Germany) and LSFM 10x/0.2 NA illumination objective (Carl 

Zeiss, Germany). Seedlings were imaged using dual-side illumination by a light-sheet 

modulated into a pivot scan mode, with excitation laser line 488 nm and with emission filter 

BP505-545. Image acquisition was done every two minutes in Z-stack mode for a time period 

of 2-5 h. Scaling of images in x, y and z dimensions was 0.228 x 0.228 x 0.477 µm. To 

prevent the movement of the growing root apex out of the field of view, images were acquired 

in two subsequent views coordinated to each other in y coordinate. Images were recorded with 

the PCO.Edge sCMOS camera (PCO AG, Germany) with the exposure time 25 ms. 

From images of the whole root acquired using Zen 2014 software (Carl Zeiss, Germany) 

subsets of data were created, with defined x-, y- and z- dimensions comprising whole volume 

of several nuclei from one particular cell file. Several subsets were created in order to 

segment nuclei of all cells of particular cell file in ordered positions from the stem cells 

surrounding quiescence center of the root up to visible cell differentiation at the end of 

elongation zone. All subsets were transformed to 2D images using Maximum intensity 

projection function of the Zen 2014 software. In all images uniform correction of brightness 

and contrast was done before they were exported for image analysis. All quantitative data 

were produced with publicly available software CellProfiler 2.1.1 

(http://www.cellprofiler.org, Carpenter at al., 2006, Lamprecht et al., 2007). Nuclear area 

from 2D images that represent surface projection of the nuclear volume (referred herein as 

nuclear surface area) was measured as the actual number of pixels in the manually defined 

region multiplied by the pixel area. Mean intensity values were calculated as the average pixel 

intensity in the defined region, integrated intensity values were calculated as the total pixel 

intensity in the defined region. Values were subsequently normalized to a 0-1 range using the 

following formula: xN=(xi-xmin)/xmax-xmin (where xN= normalized intensity, xi=absolute 

intensity, xmin= minimum absolute intensity and xmax= maximum absolute intensity). Thus, all 

biological variables within measured root tips were brought into the comparable proportions 

and plant – to – plant differences in the expression of EB1c-GFP were compensated. Data 

http://www.cellprofiler.org/
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from 4 individual cell files were collected and evaluated separately for epidermis, cortex and 

endodermis from two independent experiments (two independent roots). Final statistical data 

evaluation and plot production was done with Microsoft Excel software. 

Results  

Root growth and development require passage of root cells through successive developmental 

zones. Large extend of this process from spatial and temporal point of view requires special 

microscopic applications for effective live cell imaging. Developmental light-sheet 

microscopy overcomes these limitations and allows real-time or time-lapse imaging of whole 

developing seedlings (Ovečka et al., 2015). We performed live cell imaging with seedlings 

growing over a period between 2-5 h inside the light-sheet microscope. EB1c-GFP was 

localized in nuclei of all non-dividing root cells within the root apex, with particularly strong 

expression level in cells of the root meristematic zone (Fig. 2B). General overview of EB1c-

GFP expressing roots revealed zonation of the root apex into different cell developmental 

zones, namely into meristematic, transition, elongation and differentiation zones (Fig. 2B). 

Seedlings were prepared and cultivated in cylinders of Phytagel-solidified culture medium. 

During imaging over a range of several hours, seedlings exhibited undisturbed continuous 

root growth inside of the microscope (Fig. 2C). Average root growth rate of 2 d old seedlings 

expressing EB1c-GFP in the light-sheet microscope was 1.686 (± 0.721) µm.min
-1

 (±SD, 

n=6). 

Light-sheet microscopy, in addition to time-lapse imaging of the entire root development, 

allowed localization of EB1c-GFP at the cellular and subcellular levels. At the level of 

cellular resolution, this method was suitable for visualization not only surface cells and tissues 

of the root, like lateral root cap cells and epidermis, but further allowed visualization of 

individual cells from inner tissues of the Arabidopsis root including the cortex, the 

endodermis and the central cylinder. In all imaged tissues, light-sheet microscopy revealed 

clearly nuclear localization of EB1c-GFP in root cells (Fig. 2D). Subcellular resolution of the 

light-sheet microscopy was documented during mitotic cell division of root cells in the 

meristematic zone, where EB1c-GFP relocated from G2 stage nuclei to mitotic spindles and 

cytokinetic phragmoplasts during the respective cell division stages and finally was 

redistributed back to reconstituted G1 stage nuclei after completing cell division (Fig. 2E). 

Values of nuclear surface area and EB1c-GFP mean signal intensity for quantitative 

evaluation were plotted against cell position counted from the stem cells surrounding  
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Fig. 2Characterization of transgenic Arabidopsis thaliana plants expressing EB1c-GFP driven by 

EB1c own promoter and localization of EB1c-GFP. (A) SDS-PAGE followed by western blot analysis 

using anti-GFP antibody from protein extract of A. thaliana T2 plants expressing EB1c-GFP (lane 1), 

protein extract from untransformed Col plants (lane 2) and protein extract from Arabidopsis plants 
expressing EB1c-GFP immunoblotted only with secondary antibody (lane 3). MW – Molecular 

weight. (B) General overview of the root tip of 2 d old A. thaliana seedling expressing EB1c-GFP. 

Average root zonation into individual cell developmental zones consisting meristematic zone (m), 
transition zone (t), elongation zone (e) and differentiation zone (d) is depicted. EB1c-GFP was 

localized in nuclei of root cells, with particularly strong expression level in cells of the root 

meristematic zone. (C) Live cell imaging of seedling growing inside of the light-sheet microscope 
over the period of 2 h. (D) Localization of EB1c-GFP by light-sheet microscopy in cells of individual 

root tissue layers, in epidermis (ep), cortex (c), endodermis (en), central cylinder (cc) and lateral root 

cap cells (lrc). In all imaged tissues, light-sheet microscopy revealed clearly nuclear localization of 

EB1c-GFP in root cells. (E) Localization of EB1c-GFP by light-sheet microscopy during mitotic cell 
division of root cells in the meristematic zone. EB1c-GFP relocated from G2 stage nuclei to spindle in 

prophase (p), metaphase (m) and anaphase (a), to phragmoplast at early and late telophase (et, lt), and 

redistributed back to reconstructed G1 stage nuclei after cell division. Time progression of the cell 
division is indicated in min. Pictures (B-E) were performed in collaboration with Dr. Miroslav 

Ovečka. Scale bar = 50 µm in (B, C) and 5 µm in (D, E).   
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quiescence center. Both parameters were measured and evaluated separately for the 

epidermis, the cortex and the endodermis. We found that in all tissues, as cells proceeded 

from proliferation to the differentiation, the nuclear surface area increased while fluorescence 

intensity of EB1c-GFP signal decreased. This trend was apparent from quantification of 

individual cell files of the epidermis (Fig. 3A), the cortex (Fig. 3B) and the endodermis (Fig. 

3C). The meristematic zone, actively dividing cells contained the smallest nuclei exhibiting 

the highest EB1c-GFP content. In the transition zone, the mean nuclear fluorescence intensity 

of EB1c-GFP was steeply decreased. This decline in EB1c-GFP fluorescence intensity 

continued in the elongation zone while the nuclear area progressively increased (Fig. 3). 

Cross-correlation of nuclear EB1c-GFP mean signal intensity of some individual nuclei with 

their size and shape at certain position within the cell file revealed negative correlation 

between nuclear size and mean EB1c-GFP signal intensity in the meristematic zone 

(numbered insets in Fig. 3A-C). This negative correlation trend was stabilized in the 

transition zone and the elongation zone of all measured cell files in all evaluated tissue layers 

(Fig. 3) as evidenced by the continuous decrease in EB1c-GFP fluorescence intensity with the 

progressive increase in nuclear size. 

Further, we quantified collectively measured data from several individual cell files of two 

independent roots. Data were evaluated separately for epidermis, cortex and endodermis. 

Quantitative evaluation of nuclear surface area values revealed rather stable distribution of 

this parameter in the meristematic zone of the epidermis. It increased slightly only in 

meristematic cells at gradually increasing distances from the stem cell region, surpassing 

slightly even the average reference value for the size of G2 nuclei (Fig. 4A). Further 

recognizable increase in the nucleus size took place within the transition zone, and dramatic 

increase in the elongation zone of epidermis (Fig. 4A). Mean fluorescence intensity of EB1c-

GFP in interphase nuclei of epidermis fluctuated considerably; however, it was high in the 

meristematic cells. In nuclei of cells entering the transition zone mean fluorescence intensity 

of EB1c-GFP dropped considerably and in nuclei of elongating cells this drop in mean 

fluorescence intensity was dramatic, reflecting the inversely proportional increase in the 

nucleus size (Fig. 4A). 

A similar tendency of stable nuclear size in the meristematic zone, a gradual increase in the 

transition zone and a considerable increase in the elongation zone was recorded also in cell 

files of the cortex layer (Fig. 4B). Nuclear size in the meristematic zone did not exceed the  
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Fig. 3 Nuclear surface area and nuclear EB1c-GFP mean signal intensity distribution in root 
developmental zones of the root apex in individual cell files. Relationship between nuclear area (blue 

line) and nuclear EB1c-GFP mean signal intensity (red line) in respect to cell position counted from 

the stem cells surrounding quiescent center in individual cell file of epidermis (A), cortex (B) and 
endodermis (C). Values for nuclei in the transition zone are highlighted by yellow points, which allow 

distinguishing also meristematic zone (appearing before the transition zone) and elongation zone 

(appearing after the transition zone). Inset images over the lines show individual nuclei of cells at the 

actual position, documenting changes in nuclear shape, size and mean EB1c-GFP fluorescence 
intensity. Major vertical axis (on the left) represents the values for the normalized mean intensity and 

minor vertical axis (on the right) represents values for area measurements. Horizontal axis represents 

the actual cell position counted from the stem cells surrounding quiescent center (QC). Data are shown 
for one representative cell file from each tissue layer. Interruptions of the curve in the cortex (B) are 

caused by presence of dividing cells within the file. Graphs were prepared in collaboration with Dr. 

Miroslav Ovečka and Dr. Anna Kuchařová.  
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Fig. 4 Nuclear surface area and nuclear EB1c-GFP mean signal intensity in cells of different tissues 

along diverse developmental root zones. Average values of nuclear surface area (blue line) and EB1c-
GFP mean signal intensity (red line) plotted against cell position counted from the stem cells 

surrounding quiescence center (QC). Data from 4 individual cell files were collected and evaluated 

separately for epidermis (A), cortex (B), and endodermis (C) from two independent roots. The 
transition zone is highlighted in pink colour. Dashed red lines for average mean intensity and dashed 

blue lines for average nuclear area of G1 and G2 nuclei are indicated as reference values. Major 

vertical axis (on the left) represents the values for the normalized mean intensity and minor vertical 

axis (on the right) represents values for area measurements. Horizontal axis represents the actual cell 
position counted from the stem cells surrounding quiescence center (QC). Because number of cells in 

cell files is not the same, data from individual cell files in average graphs were aligned according to 

their meristem-to-transition zone borders. Graphs were created by Dr. Miroslav Ovečka and Dr. Anna 
Kuchařová. 

reference value for the size of G2 nuclei (Fig. 4B). Mean fluorescence intensity of EB1c-GFP 

in interphase nuclei of cortex cells was highest in the meristematic zone. However, it 
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decreased dramatically in the transition zone, keeping further decreasing in the elongation 

zone as well (Fig. 4B). 

Size of nuclei of endodermal cells in the meristematic zone was constant, not exceeding the 

reference value of size measured for G2 nuclei, showing increase only after passage of 

meristematic cells into the transition zone. Size distribution of nuclei in the transition zone 

and the elongation zone of endodermis was wider as in cortex and epidermis, but the general 

tendency of gradual nuclear size increase from meristem through transition zone to elongation 

zone was maintained also in endodermis (Fig. 4C). 

Discussion 

Nuclear localization of EB1c 

EB1c localization and function was previously documented in dividing cells of Arabidopsis 

thaliana (Dixit et al., 2006; Bisgrove et al., 2008; Komaki et al., 2010; Ho et al., 2011). In all 

the above studies, EB1c was studied in the context of cell division and studies were focused 

on the localization of EB1c at the microtubule plus ends with special emphasis on 

phragmoplast. 

However, the evident interphase nuclear localization and function of EB1c was not 

systematically addressed in these former studies. For this reason we surveyed the nuclear 

occurrence of EB1c not only in the interphase cells of the meristematic zone, but also in post-

mitotic non-dividing cells of the root transition and elongation zones. Measuring nuclear 

parameters revealed clear distinction among root developmental zones and correlated them 

with specific patterns of EB1c accumulation in the nuclei of different tissues and in both 

meristematic and post-meristematic root zones. Thus, EB1c-GFP can be considered a reliable 

physiological nuclear marker for root developmental studies including post-meristematic 

cells. With the help of previously published data about longitudinal root zonation (Dello Ioio 

et al., 2007; Baluska and Mancuso, 2013; Panteris et al., 2013), we identified particular zones 

in Arabidopsis plants expressing EB1c-GFP. As expected, EB1c-GFP signal was present in 

all nuclei across the studied root zones and tissues. We thus employed correlative quantitative 

studies monitoring developmental fluctuations in EB1c-GFP expression levels with the trend 

of nuclear size increase which is observed in the shoot-ward root growth gradient. Inversely to 

the nuclear area increase, expression of EB1c-GFP showed root-ward trend within all tissues 

along the longitudinal root axis with the highest intensity peak in the meristematic zone. The 

highest expression level and the lowest correlation between EB1c-GFP mean intensity and 
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nuclear surface area in the meristematic zone are in accordance to previously published data 

about the role of EB1c in the cell division progression. eb1c mutants showed defects in 

spindle pole alignment, chromosomal segregation and phragmoplast orientation, however, the 

organization of the preprophase band was not impaired (Komaki et al., 2010). Nevertheless, 

EB1c might have a dual function in meristematic cells, depending on its subcellular 

localization (one on microtubule plus ends during mitosis and another one in nuclei during 

interphase). 

More importantly we demonstrate for the first time, an evident persistent localization of EB1c 

in the nuclei of post-meristematic, non-dividing root cells residing within the transition and 

the elongation zones. As such this is the first study using quantitative advanced light-sheet 

microscopy to follow nuclear changes in correlation to the nuclear accumulation of a native 

cytoskeletal protein (EB1c was expressed under its native promoter) during development of 

the primary root. In the transition zone, where division is ceased while differentiation and 

endoreduplication goes on, it seems to be a turning point for the expression of EB1c protein. 

From this point more than genetically regulated, expression of EB1c seems to be 

mechanistically related to increase in cell nucleus size which is carried out by 

endoreduplication. What exactly happens at the transition point and how switch from mitotic 

division to endoreduplication occurs is not well documented (del Pozo et al., 2006; Ishida et 

al., 2009; Ishida et al., 2010; Adachi et al., 2011; Heyman et al., 2011; Doskočilová et al., 

2013). Our analyses highlight the nuclear localization of EB1c, opening in this way the 

hitherto unexplored field with several possible questions. One matter that needs to be resolved 

concerns whether nuclear recruitment of EB1c has a functional sense as well as the nature of 

its putative nuclear functional role(s). It is also opening the question on the mechanism of 

EB1c nuclear transport and export as it was not deciphered before. 
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Gene Expression Pattern and Protein Localization of Arabidopsis 

Phospholipase D Alpha 1 Revealed by Advanced Light-Sheet and 

Super-Resolution Microscopy 

Material and Methods 

Preparation of complemented PLDα1-YFP  

To generate the complementation transgenic lines, the coding sequence of wild type 

PLDα1(AT3G15730)  under the control the native PLDα1 promoter (1,944 bp upstream of the 

initiation codon ATG of PLDα1) was introduced into pGreen0229-YFP-Tnos vector using 

BamHI-KpnI restriction digest to generate proPLDα1::PLDα1:YFP construct. The constructs 

were confirmed by sequencing and transformed by floral dipping (Clough and Bent, 1998; 

Davis et al., 2009) to Arabidopsis wild type Col-0 as well as to pldα1-1(SALK_067533) and 

pldα1-2 (SALK_053785) mutants using Agrobacterium tumefaciens strain GV 3101. In T1 

generation we have selected 3 independent transgenic lines with the same fluorescent 

properties. One line was chosen and T2 or T3 progeny of BASTA-resistant transformants, 

carrying a single homozygous insertion, were used for experiments. 

Preparation of transgenic line carrying PLDα1-YFP and mRFP-TUB6 

Arabidopsis pldα1-2 stably expressing proPLDα1::PLDα1:YFP in T2 generation were 

crossed with Col-0 plants stably expressing pUBQ1:mRFP::TUB6 kindly provided by 

Geoffrey O. Wasteneys (Ambrose et al., 2011).  F1 generation plants with PLDα1-YFP and 

mRFP-TUB6 (mRFP = red fluorescent protein, TUB6 = β-TUBULIN 6) expression were 

selected based on fluorescence signal in the epifluorescence microscope (Axio Imager.M2, 

Carl Zeiss, Germany). 

Whole mount immunofluorescence labelling  

Immunolocalization of microtubules, PLDα1, PLDα1-YFP and clathrin in root wholemounts 

was done as described previously (Šamajová et al., 2014). Samples were immunolabeled with 

rat anti-α-tubulin (clone YOL1/34; ABD Serotec), rabbit anti-phospholipase D alpha 1/2 

(Agrisera, Sweden), mouse monoclonal anti-clathrin LC (Sigma-Aldrich) or mouse anti-GFP 

(Abcam) primary antibodies diluted 1:300, 1:300, 1:300 and 1:100, respectively in 3% (w/v) 

BSA in PBS at 4 °C overnight. In the case of double or triple co-immunolocalization a 

sequential immunolabeling was performed. Secondary antibodies included Alexa-Fluor 488 

goat anti-rat, Alexa-Fluor 488 goat anti-mouse or Alexa-Fluor 546 goat anti-rat IgGs were 
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diluted 1:500 in PBS containing 3% (w/v) BSA for 3 h (1.5 h at 37 °C and 1.5 h at room 

temperature). Where necessary, nuclei were counterstained with 4′,6-diamidino-2-

phenylindole (DAPI). Microscopic analysis of immunolabeled samples was performed with a 

Zeiss 710 CLSM platform (Carl Zeiss, Germany), using excitation lines at 405, 488 and 561 

nm from argon, HeNe, diode and diode pumped solid-state lasers. 

Light-Sheet Fluorescence Microscopy  

Developmental live cell imaging of 2-3 days old Arabidopsis plants with PLDα1-YFP 

expression was done with the light-sheet Z.1 fluorescence microscope (Carl Zeiss, Germany) 

equipped with W Plan-Apochromat 20x/1.0 NA objective (Carl Zeiss, Germany) and two 

LSFM 10x/0.2 NA illumination objectives (Carl Zeiss, Germany). Seedlings were prepared in 

FEP tubes with an inner diameter of 2.8 mm and wall thickness of 0.2 mm (Wolf-Technik, 

Germany) according to the “open system” protocol for long-term live-cell imaging of 

Arabidopsis thaliana seedlings described by Ovečka et al. (2015). Root was growing in the 

block of the culture medium inside of the FEP tube and upper green part of the seedling 

developed in an open space of the FEP tube with the access to air. Sample holder with the 

sample was placed into observation chamber of the light-sheet microscope tempered to 22°C 

using Peltier heating/cooling system. Before insertion of the sample to the microscope plants 

were ejected slightly out of the FEP tube allowing imaging of the root in the block of 

solidified culture medium, but without the FEP tube. Before the imaging, liquid medium 

filling the observation chamber was filter-sterilized using a sterile syringe filter. Roots were 

imaged using dual-side light-sheet illumination with excitation laser line 514 nm, beam 

splitter LP 580 and with emission filter BP525-565. Images were recorded with the PCO.Edge 

sCMOS camera (PCO AG, Germany) with the exposure time 30 ms and the imaging 

frequency of every 5 min in z-stack mode for 5-20 hours. Scaling of recorded images in x, y 

and z dimensions was 0.228 x 0.228 x 0.499 µm. 

Spinning disk and Confocal laser scanning microscopy  

Hypocotyls, leaves with pavement cells, stomata and trichomes of 5-8 days after germination 

Arabidopsis plants with PLDα1-YFP expression were documented with spinning disk 

microscope (Cell Observer SD, Carl Zeiss, Germany) equipped with Plan-Apochromat 

20x/0.8 (Carl Zeiss, Germany) and Plan-Apochromat 63x/1.40 Oil (Carl Zeiss, Germany) 

objectives. Cells were imaged with excitation laser 514 nm and with emission filter BP535/30 

for YFP. Cotyledons, petioles and guard cells were documented with confocal laser scanning 

microscope LSM 710 (Carl Zeiss, Germany) equipped with Plan-Apochromat 20x/0.8 (Carl 
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Zeiss, Germany) and alpha Plan-Apochromat 63x/1.46 Oil (Carl Zeiss, Germany) objectives. 

Plants of 6 days after germination were stained with 4 µM FM4-64 (styryl dye for plasma 

membrane visualisation, Invitrogen, USA) diluted in half-strength liquid MS medium for 90 

min before imaging. Samples were imaged with excitation lasers 514 nm for YFP and 561 nm 

for mRFP and FM4-64, beam splitters MBS 458/514 for YFP, MBS 458/561 for mRFP and 

MBS 488/561 for FM4-64. Emission filters used were 519 – 550 nm for YFP, 590 – 610 nm 

for mRFP and 651 – 759 nm for FM4-64. 

Structured Illumination Microscopy  

The same immunolabeled wholemount samples examined with confocal laser scanning 

microscopy (CLSM) were also analyzed via a Zeiss SIM platform coupled with a PCO.Edge 

5.5 sCMOS camera (Elyra PS.1, Carl Zeiss, Germany). Fluorophores were excited with the 

405, 488, 561 and 647 nm laser lines. For acquisition with a 63x/1.40 oil immersion objective, 

the grating pattern was set to 5 rotations with 5 standard phase shifts per angular position. In 

case of z-stacks, Nyquist sampling was selected to be the smallest one (corresponding to 

DAPI channel with 91 nm section thickness), leading to oversampling of the rest of the 

channels. Image reconstruction was done according to previously published procedure (Komis 

et al., 2015). 

Results 

Expression patterns of PLDα1-YFP in Arabidopsis plants 

In order to characterize roles of PLDα1 in the plant development, we performed in vivo cell- 

and tissue-specific expression analysis of the PLDα1-YFP driven by native PLDα1 promoter 

in two stably transformed pldα1 mutants of Arabidopsis thaliana. Thus, both pldα1-1 and 

pldα1-2 mutants were stably transformed with proPLDα1::PLDα1:YFP construct using the 

floral dip method (Clough and Bent, 1998). Comparison of proPLDα1::PLDα1:YFP 

expression patterns in different aerial organs and tissues of pldα1-1 and pldα1-2 mutants 

stably expressing PLDα1-YFP is presented in.  

Developmental expression pattern and localization of PLDα1-YFP in Arabidopsis plants 

Observation of developmental expression pattern and localization of PLDα1-YFP fusion 

protein has been done in pldα1-1 mutant stably expressing a proPLDα1::PLDα1:YFP 

construct at cell-, tissue- and organ-specific levels using light-sheet fluorescence microscopy. 

Subcellular localization was performed using confocal and spinning disk microscopy. 

Developmental light-sheet fluorescence microscopy (LSFM) has been performed with 2- to 3- 
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Fig. 5 Light-sheet fluorescence microscopy localization of PLDα1-YFP driven by PLDα1 own 

promoter in Arabidopsis thaliana roots. (A) Overview of PLDα1-YFP localization in different tissues 

of the root tip constructed from maximum intensity projection of 330 optical sections (with thickness 
of 0.5 μm each). Amount of PLDα1-YFP fluctuated in root rhizodermal cells while the highest 

localization was visible in the root cap cells. (B) Median optical section of the root tip revealed 

differential distribution of PLDα1-YFP with the strongest expression in the root cap and lateral root 

cap cells and with much lower production of PLDα1-YFP in rhizodermal, cortical and endodermal cell 
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layers and with very low production in procambial cells. (C) Detail of the root cap showing the 

strongest expression level of PLDα1-YFP in central columella cells and particularly in cells of the 

third root cap layer. (D-F) Qualitative and semi-quantitative evaluation of the relative PLDα1-YFP 
distribution in longitudinal and radial zonation of the root tip. Five profiles at different positions of the 

root tip (D) were visualized into orthogonal projections of radial root sections (E) and profiles in the 

median positions of the radial root sections (indicated by arrows) were quantitatively displayed (F). 
Images were taken from pldα1-1 and pldα1-2 mutant plants stably expressing PLDα1-YFP. LSFM 

images were performed by Dr. Miroslav Ovečka. 

days old seedlings that were growing inside of the microscope imaging chamber in time 

periods ranging from 5 to 20 h. During these imaging periods, roots of experimental plants 

exhibited continuous growth at constant root growth rates. LSFM offered the possibility not 

only to localize PLDα1-YFP at the cellular level in root surface tissues (Fig. 5A), but it also 

allowed deep root imaging and tissue-specific visualization and localization of PLDα1-YFP in 

internal root tissues (Fig. 5B). 

Imaging of tissue-specific expression of PLDα1-YFP in roots using LSFM revealed 

developmental regulation of PLDα1-YFP amount in the root apex. The expression levels of 

PLDα1-YFP in the root meristematic zone including rhizodermis, cortex and procambium 

were relatively low (Fig. 5B). On the other hand, particularly strong expression levels were 

revealed in the apical and lateral root cap cells (Fig. 5C). Remarkably strong expression was 

observed in central columella cells and particularly in cells of the third columella layer (Fig. 

5B-C). Semi quantitative evaluation of the PLDα1-YFP amount in different cell layers of root 

apex (Fig. 5D) revealed a steep gradient between third and fourth outermost layers of the 

central root cap (Fig. 5D-F; profiles 1-2). There was a relatively low amount of PLDα1-YFP 

in the primary meristems at the position of the stem cell niche in comparison to the lateral root 

cap cells (Fig. 5D-F; profile 3). Proximally to the region of initial cells there was a clear 

gradient in the PLDα1-YFP amount within the radial organization of the root meristem with 

the highest level in the lateral root cap cells, much lower level in the rhizodermis, cortex and 

endodermis, and the lowest level in central cylinder tissues (Fig. 5D-F; profile 4). Different 

expression levels among lateral root cap cells, dermal tissues (rhizodermis, cortex and 

endodermis) and central cylinder tissues were clearly visible in the central part of the root 

meristematic zone (Fig. 5D-F; profile 5). 

In comparison to the relatively low expression level of the PLDα1-YFP in the root meristem, 

a dramatic enhancement was detected in the root transition zone, particularly in the 

rhizodermis (Fig. 6A). Rhizodermal cells showed much stronger expression levels in the 

trichoblast cell files compared to the atrichoblast ones (Fig. 6B-E). Relatively strong 



28 

 

 

Fig. 6 Tissue- and cell-specific localization of PLDα1-YFP driven by its own native promoter in the 
root of Arabidopsis thaliana by light-sheet fluorescence microscopy. (A) Distribution of PLDα1-YFP 

in meristematic zone (mz) with relatively low expression and in transition zone (tz) with enhanced 

expression. (B) Differentiation zone of the root with stronger expression level of PLDα1-YFP in 
trichoblasts and bulges of emerging root hairs and lover expression level in atrichoblast cell files. (C-

E) Orthogonal projection (C), 3D-rendering (D) and intensity-based 3D visualization (E) of root 
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differentiation zone showing higher expression level of PLDα1-YFP in rhizodermal trichoblast cell 

files (labelled as T) and lover expression level in atrichoblast cell files (labelled as A). Arrows in A 

and C point local accumulation of PLDα1-YFP at the cell corner of the trichoblasts in the contact with 
two underlying cortical cells. (F) Enhanced localization of PLDα1-YFP in trichoblast cells at the stage 

of root hair formation and apparent accumulation of PLDα1-YFP in growing root hairs. (G) Time-

course recording of accumulation and relocation of PLDα1-YFP during the root hair outgrowth in 
trichoblast root cell. Time frames of individual developmental stages are indicated in min. Dotted lines 

along the median longitudinal axis of the root hair indicate the position of fluorescence intensity 

profile measurement. (H) Fluorescence intensity profiles of PLDα1-YFP distribution corresponding to 

particular developmental stages of the root hair formation from the trichoblast root cell in (G). Images 
were taken from pldα1-1 and pldα1-2 mutant plants stably expressing PLDα1-YFP using light-sheet 

microscopy. LSFM images were performed by Dr. Miroslav Ovečka. 

 expression of PLDα1-YFP in trichoblast cells of the transition root zone revealed one 

additional aspect of particular interest. It was the strongly polarized localization of PLDα1-

YFP at the cell corner of the trichoblasts facing the cleft contact with two underlying cortical 

cells (Fig. 6A, C). Thereon, the strong expression level of PLDα1-YFP in trichoblast cell files 

was also maintained later in the development of root hairs during bulge formation (Fig. 6B) 

and in tip-growing root hairs (Fig. 6F-H). Time-course semi quantitative evaluation of  

PLDα1-YFP distribution clearly revealed its accumulation in growing tips of root hairs (Fig. 

6G, H). The PLDα1-YFP expression pattern in growing roots thus reflected the tissue-specific 

and developmentally-regulated transition from low PLDα1-YFP protein levels in actively 

dividing cells of the root apical meristem to much enhanced protein accumulation in the root 

transition zone harbouring post-mitotic cells preparing for cell elongation (Fig. 5D-F). Cell 

differentiation in root tissues led to localized accumulation of PLDα1-YFP, particularly in the 

developing rhizodermis, where PLDα1-YFP accumulated preferentially in trichoblasts (Fig. 

6B-E), especially during the process of root hair formation (Fig. 6F-H). In all root tissues 

expressing moderate levels of PLDα1-YFP (root cap cells, root transition zone, trichoblast 

cell files and tip growing root hairs) we observed cytoplasmic localization of the fusion 

protein. 

Expression pattern and localization of PLDα1-YFP in different cell types of aerial parts of 6 

days old seedlings were documented with confocal and spinning disk microscopy. Relatively 

high expression level of PLDα1-YFP was observed in hypocotyl epidermal cells (Fig. 7A), in 

pavement cells and stomata guard cells of cotyledons (Fig. 7B), in leaf epidermis and stomata 

guard cells of leaves (Fig. 7D). Consistently with strong expression level of PLDα1-YFP in 

root rhizodermis and in developing root hairs we observed also strong expression of PLDα1-

YFP in leaf trichomes (Fig. 7E). In more detail, high amounts of PLDα1-YFP were found at  
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Fig. 7 Localization of PLDα1-YFP driven by PLDα1 own promoter in different aerial organs and 

tissues of Arabidopsis thaliana seedlings. Images were taken from different cell types of aerial tissues 

of living pldα1-2 mutants stably expressing PLDα1-YFP driven by its own promoter using confocal 
and spinning disk microscopy. Localization of PLDα1-YFP in hypocotyl epidermal cells (A), 

cotyledon epidermal cells and stomata (B), leaf epidermal pavement cells and stomata guard cells (C), 

leaf stoma guard cells (D), leaf epidermal cells and trichomes (E), and petiole epidermal cell (F). 
Spinning disk microscopy (A, C, D), confocal microscopy (B, E, F). 

tips of trichome branches (Fig. 7E). A high level of PLDα1-YFP was observed also in 

epidermal cells of leaf petioles (Fig. 7F). 

Accumulation of PLDα1-YFP in growing root hairs (Fig. 6F-H) suggested its role in actively 

growing cell domains. To test this possible scenario in leaf trichomes, we identified individual 

stages of trichome development in the first true leaf and we performed semiquantitative  
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Fig. 8 Localization and accumulation of PLDα1-YFP in developing leaf trichomes in pldα1-2 mutant 

plants stably expressing PLDα1-YFP driven by PLDα1 own promoter. Images of maximum intensity 
projection were reconstructed from individual optical sections taken at the same live cell imaging 

condition from first (B, D, E) and second (A, C) true leaves of pldα1-2 mutants stably expressing 

PLDα1-YFP. Developing trichomes are displayed from early developing stages with no branches (A), 
with progressing two branches (B, C), growing three branches (D) to maturating three branches (E). 

(F) Profiles of fluorescence intensity of YFP distribution in individual trichome branches indicated by 

lines in (A-E). 

evaluation of PLDα1-YFP distribution along single profiles in individual trichome branches. 

To quantify PLDα1-YFP developmental redistribution during trichome formation, we  

measured profiles of PLDα1-YFP fluorescence in young trichome primordia without branches 

(Fig. 8A), in each individual branch of growing trichomes during later developmental stages 

(Fig. 8B-D) up to final stage of fully developed three-branched trichomes (Fig. 8E). Profiling 

of fluorescence intensity along individual trichome branches clearly revealed higher 

accumulation of PLDα1-YFP at the tip of actually growing branch during trichome 

development (Fig. 8F).  
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Fig. 9 Subcellular localization of PLDα1-YFP and cortical microtubules in respect to the plasma 
membrane in leaf petiole epidermal cells. Living interphase petiole cells with the expression of 

PLDα1-YFP (in green) and mRFP-TUB6 (in red) were counterstained with FM4-64 for delineation of 

the plasma membrane (in blue). (A) Orthogonal view of the 3D-reconstructed petiole cell from the z-
stack imaging showing localization of plasma membrane, cortical microtubules and PLDα1. Line in 

merged image indicates position of measured profile. (B) Profile intensity of fluorescence distribution 

of the plasma membrane (blue), cortical microtubules (red) and PLDα1 (green) based on the distance 

from the cell surface. (C) Frontal view reconstructed from the individual z-stacks starting from the cell 
surface of the petiole cell to the cortical cytoplasm in steps indicating thickness of individual optical 

sections in µm. Individual channels are shown separately for the plasma membrane (labelled in blue), 

cortical microtubules (labelled in red) and PLDα1 (labelled in green), while the merge image shows 
the overlay of all three channels with the depth annotation. (D) Maximum intensity projection of the 

same image as in C from the side view (orthogonal projection) with the line indicating position of 

measured profile. (E) Profile intensity of fluorescence distribution of the plasma membrane (blue), 
cortical microtubules (red) and PLDα1 (green) from D based on the distance from the cell surface. 

Analysis made in confocal microscope. 
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Association of PLDα1-YFP with microtubules 

In order to investigate the localization pattern of PLDα1-YFP in respect to cortical and mitotic 

microtubules we crossed plda-1-2 mutant plants stably expressing proPLDα1::PLDα1:YFP 

construct with Col-0 plants stably expressing pUBQ1::mRFP:TUB6 construct (red fluorescent 

protein fused to Arabidopsis alfa-tubulin 6 isoform, Ambrose et al., 2011). Labelling of the 

plasma membrane in cells of such crossed line was performed with FM4-64. The co-

localization experiments were done in non-dividing leaf petiole epidermal cells using confocal 

laser scanning microscopy (Fig. 9). 3-D rendering and orthogonal projections showed very 

close association of cortical microtubules with the plasma membrane and predominant 

localization of PLDα1-YFP in the cortical cytoplasm (Fig. 9A). Merge image of all three 

markers (Fig. 9A) and semi-quantitative measurement of fluorescence intensities along 

transversal profile in the cell cortex (Fig. 9B) revealed only poor co-localization, but rather 

association of PLDα1-YFP with cortical microtubules. This was evident also from spatial 

separation of individual optical sections from 3-D scans of the cell cortex starting from the 

cell surface. By taking individual optical sections of 420 nm thickness (Fig. 9C), we observed 

uppermost signal of the FM4-64 related to the plasma membrane first, followed by mRFP 

signal corresponding to cortical microtubules located beneath the plasma membrane, and only 

then first appearance of the YFP signal related to the PLDα1. In merge image, the plasma 

membrane signal was enriched in second and third optical section (0.000 to -0.853 μm from 

the cell surface), network of cortical microtubules was present in third to fifth optical section 

(-0.853 to -1.705 μm from the cell surface), while PLDα1-YFP signal was enriched only in 

fourth to sixth optical section (-1.279 to -2.131 μm from the cell surface). Association and 

partial colocalization of PLDα1-YFP with cortical microtubules (detected as yellow spots in 

merge images) is visible only on the cytoplasmic face (Fig. 9C, optical section -1.279), but 

not on the membrane face (Fig. 9C, optical section -0.853) of the cortical microtubule 

network. Sandwich-like arrangement of the plasma membrane, cortical microtubule network 

and PLDα1-YFP was evident also from orthogonal view of the examined cell cortex area 

(Fig. 9D), proven also by semiquantitative fluorescence profile intensity measurement (Fig. 

9E). These experiments revealed predominantly cytoplasmic localization of PLDα1-YFP. 

Colocalization of PLDα1-YFP with microtubules in dividing cells 

Colocalization of PLDα1-YFP with mitotic microtubule arrays was observed in dividing 

epidermal cells of leaf petioles using spinning disk microscopy (Fig. 10A-E). Association of 

PLDα1-YFP with PPB was evident in the pre-prophase and prophase stage (Fig. 10A), with 
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Fig. 10 Subcellular localization of PLDα1-YFP during cell division. Live cell imaging of PLDα1-YFP 

(green) and mRFP-TUB6 (red) in dividing leaf petiole epidermal cell. PLDα1-YFP was enriched at the 

location of preprophase band of microtubules (PPB) (A), while it strongly associated with the mitotic 
spindle (B, C, D), early (D) and late (E) phragmoplast. Profiles of fluorescent intensity of YFP and 

mRFP distribution measured at individual cell division stages are indicated by lines (A-E). ppb – 

preprophase band of microtubules, m – metaphase, a – anaphase, et – early telophase, lt – late 
telophase. 

 mitotic spindle during metaphase to anaphase (Fig. 10B-D) and with progressing 

phragmoplast during cytokinesis (Fig. 10E). In the pre-prophase and prophase stage PLDα1-

YFP accumulated in the cell cortex in a ring-like structure that was broader as PPB.  

This indicates that PLDα1-YFP, in addition of colocalization with microtubules inside PPB, 

also surrounded PPB in the cortical cytoplasm (Fig. 10A). Additionally, PLDα1-YFP was 

enriched also in cytoplasmic disk radiating from the nuclear surface to the cell cortex at the 

PPB plane (Fig. 10A). Later on, PLDα1-YFP was strongly accumulated in microtubule arrays 

of the mitotic spindle which was surrounded by cytoplasmic layer enriched with PLDα1-YFP 

(Fig. 10B-C). Association of PLDα1-YFP with microtubules was documented by missing 

signal in the mitotic spindle occupied by chromosomes during metaphase and anaphase (Fig. 
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10B-D). Starting with the segregation of sister chromatids and their pulling to the opposite 

spindle poles, PLDα1-YFP accumulated also in the central zone of the anaphase spindle (Fig. 

10C-D). Appearance of the early phragmoplast was connected with accumulation of PLDα1-

YFP (Fig. 10D). However, PLDα1-YFP was absent in the late phragmoplast mid-zone during 

cell plate formation in cytokinesis (Fig. 10E). In addition, PLDα1-YFP was accumulated also 

in surrounding cytoplasm (phragmosome) enclosing cytokinetic apparatus in the centre of 

partially vacuolated cells (Fig. 10E, 10B). As the late phragmoplast reached the cell 

periphery, PLDα1-YFP was associated with emerging cell plate in the central zone of the ring 

phragmoplast. Visual comparison of PLDα1-YFP protein level in cortical cytoplasm between 

dividing cells and neighbouring non-dividing cells (Fig. 10A, E) clearly indicated 

intracellular relocation and accumulation of PLDα1-YFP within and around mitotic 

microtubule arrays. It indicates potential cell cycle-dependent cooperation of PLDα1-YFP 

with microtubules in proliferating cells. 

Association of PLDα1-YFP with microtubules and CCVs and CCPs 

In order to address the functional relationship between mitotic microtubules and PLDα1 in 

vesicular trafficking, we performed immunofluorescence localization of PLDα1-YFP with 

microtubules and clathrin-coated vesicles (CCVs) and clathrin-coated pits (CCPs) in dividing 

and non-dividing root rhizodermal cells of complemented pldα1-1 mutant seedlings 

expressing proPLDα1::PLDα1:YFP construct. In cytokinetic cells, PLDα1-YFP was 

associated with microtubules of the ring phragmoplast, while signal was less abundant in the 

phragmoplast central part. The distribution of clathrin signal in this zone was complementary 

to PLDα1-YFP distribution, with increased abundance in the central part and decreased 

abundance at the zone of phragmoplast microtubules. Thus, the highest overlap of the clathrin 

and the PLDα1-YFP signal was observed at the trailing (inner) edge of the enlarging 

phragmoplast. 

In non-dividing root rhizodermal cells cortical microtubules were bedecked with PLDα1-YFP 

closely associated or partially colocalized with CCVs. PLDα1-YFP was localized in spot-like 

structures decorating surface of microtubules in close association or partial colocalization 

with CCVs. For more detailed subcellular study of PLDα1 and microtubules involvement in 

vesicular trafficking we used super-resolved structured illumination microscopy (SIM). This 

analysis revealed association and partial colocalization of PLDα1-YFP with CCVs and CCPs 

in the close vicinity of cortical microtubules, in some cases creating spots and ring-like 

structures on their surface. 
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Association of PLDα1-YFP with CCVs and CCPs in the cytoplasm between cortical 

microtubules was observed in clathrin-rich clusters that were in close contact with cortical 

microtubules. Quantitative analysis of the above colocalization studies of clathrin and 

microtubules following either SIM or CLSM documentation, showed positive colocalization 

in Col-0 root rhizodermal cells (Pearson’s coefficient R=0,62) and no colocalization in pldα1 

mutant (Pearson’s coefficient R=0). In conclusion, these data document a complex pattern of 

PLDα1 subcellular localization and its functional relationship to microtubule arrays in both 

non-dividing and dividing cells of Arabidopsis plants. Combination of different advanced 

microscopy methods provided data supporting a possible mechanism of interactions between 

clathrin-dependent endocytosis and cortical (as well as mitotic) microtubules, through the 

stabilization function of the PLDα1. 

Discussion 

PLD is a major family of membrane phospholipid-hydrolyzing enzymes in plants. A. thaliana 

PLDα1 and its product PA are involved in a variety of cellular and physiological processes, 

such as regulation of stomatal closure and opening, biotic and abiotic stress signalling, and 

regulation of cytoskeletal organization (Qin et al., 1997; Zhang et al., 2004; Bargmann and 

Munnik, 2006; Pleskot et al., 2013; Hong et al., 2016). Here we employed advanced 

microscopic methods to reveal precise developmental expression pattern and subcellular 

localization of PLDα1 in two rescued pldα1 mutant lines. 

Developmental expression pattern and localization of PLDα1-YFP 

A previous study assessing organ distribution of PLDα1 protein in Arabidopsis plants by 

immunoblotting analysis showed higher amounts of this protein in flowers, stems, roots and 

siliques rather than in other organs. Moreover, the highest activity of PLDα1 was found in 

soluble fractions isolated from roots, flowers and siliques (Fan et al., 1999). This study, 

however, lacked cellular resolution within these organs. In contrast, advanced microscopy 

imaging used in our experiments revealed high expression levels of PLDα1-YFP in the apical 

and lateral root cap cells. These findings were in agreement with absolute expression levels of 

PLDα1 transcript from Genevestigator transcriptomic data (Brady et al., 2007). High 

expression levels of PLDα1-YFP were found also in trichoblast cell files and in developing 

roots hairs suggesting its role during root hair development. These results are supported by 

work of Potocký et al. (2014) reporting PA localization in the plasma membrane of tip-

growing pollen tubes. In the aerial part of the plant we observed high PLDα1-YFP protein 

signal in pavement and stomata guard cells, which is again in accordance to Genevestigator 
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transcriptomic data (Yang et al., 2008). On the other hand, and in contrary to Genevestigator 

transcriptomic data, we observed high expression levels of PLDα1-YFP in developing 

trichomes (Marks et al., 2009). These results support the role of PLDα1 protein in cell 

developmental processes and polar cell growth. 

Cytoplasmic localization of PLDα1-YFP 

Previously, PLD was implicated to link cortical microtubules to the plasma membrane 

(Dhonukshe et al., 2003). Later it was shown that PLDδ is the cortical microtubule-binding 

protein (Ho et al., 2009; Andreeva et al., 2009). Moreover, a current study showed 

colocalization of the PLDδ with cortical microtubules near to the plasma membrane in 

Arabidopsis hypocotyl cells (Zhang et al., 2017b). Many microtubule-dependent processes, 

e.g. mitosis, cytokinesis, cell elongation and signal transduction are controlled by microtubule 

dynamics (Wymer and Lloyd, 1996; Hashimoto and Kato, 2006; Jiang et al., 2014). Under 

normal conditions, pldα1 plants showed no changes in microtubule organization and density 

as compared to wild type plants (Zhang et al., 2012). However, PLDα1 KO in Arabidopsis 

leads to more severe disruption of cortical microtubules by inhibitors (Zhang et al., 2017a) or 

under salt stress conditions (Zhang et al., 2012). Furthermore, PA produced by activated 

PLDα1 directs AtMAP65-1 to the plasma membrane and enhances its microtubule stabilizing 

activity, thus microtubules are stabilized and cell survival is enhanced under the salt stress 

conditions (Zhang et al., 2012; Pleskot et al., 2014). 

PLDα1 is the most abundant PLD present in both soluble and membrane fractions. It 

translocates from cytosolic to membrane fractions to hydrolyze membrane lipids under stress 

conditions (Wang et al., 2000; Hong et al., 2016). In our study we observed mainly 

cytoplasmic localization of PLDα1-YFP, sometimes in the vicinity of cortical microtubules, 

in non-dividing cells. By contrast, the localization of PLDδ which interacts with cortical 

microtubules was primarily restricted to the plasma membrane (Zhang et al., 2017b). With the 

entering of the cell to the mitosis PLDα1-YFP was enriched at mitotic microtubule arrays, 

namely PPB, microtubules of mitotic spindle in prophase, metaphase and anaphase, as well as 

to microtubules of the phragmoplast during cytokinesis. Although, colocalization between 

PLDα1 protein and microtubules was not previously observed in non-dividing protoplasts 

(Zhang et al., 2012), we detected accumulation of PLDα1-YFP at microtubule arrays during 

mitotic progression. These results were further confirmed using immunofluorescence 

colocalization of PLDα1-YFP and microtubules. PLDα1-YFP protein was slightly 
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accumulated and partially colocalized with microtubules of preprophase band, spindle and 

both early and late phragmoplast. 

SPO14 is phospholipase D in Saccharomyces cerevisiae, which specifically hydrolyzes 

phosphatidylcholine to generate choline and PA. In vegetative cells, SPO14p localizes to the 

cytoplasm and is not required for normal growth. However, during sporulation, SPO14p 

localizes to the spindle pole bodies and prospore membrane where it is required for 

sporulation (Rudge et al., 1998; Liu et al., 2007). One function of SPO14p generated PA is to 

localize t-SNARE protein Spo20p to the prospore membrane (Nakanishi et al., 2006; Liu et 

al., 2007). As mentioned above, PLDα1 was enriched in the CCVs which predicts its role in 

vesicular trafficking (Fan et al., 1999). Furthermore, clathrin heavy chain isoforms and AP180 

N-terminal homology domain clathrin-assembly proteins were identified as a PA binding 

proteins in a previous proteomic study (McLoughlin et al., 2013). Similarly, epsin-like 

clathrin adaptor 1 binds PA under the negative membrane curvature stress in Arabidopsis 

(Putta et al., 2016). Furthermore, PLDα1 coimmunoprecipitates with Arabidopsis AP-2 

complex and clathrin (Yamaoka et al., 2013), indicating that PLDα1 contributes to clathrin-

mediated endocytosis. These data indicate that proteins involved in the clathrin-dependent 

endocytosis are potential targets of PLDα1-generated PA. Here we provide evidence for close 

associations of PLDα1-YFP with cortical and mitotic microtubules during cell division. It has 

been shown previously that the PPB region at the cell cortex possess a large number of CCPs 

and CCVs. Expected role of clathrin-mediated endocytosis in the PPB region is related to the 

regulated modification of the cell cortex by controlled removal of particular membrane 

proteins by endocytosis, being part of the cell division plane memory establishment (Karahara 

et al., 2009). Centrifugal expansion of the phragmoplast during cytokinesis is driven by 

microtubule polymerization with substantial microtubule stabilization by bundling at the 

leading edge of the phragmoplast (Murata et al., 2013). Phragmoplast microtubules are 

responsible for delivery of vesicles creating cell plate in the mid-zone region. Cell plate 

formation, however, is also based on removal of excess membrane and cell wall material. 

Endocytosis and membrane recycling thus play an indispensable role during cell plate 

expansion (van Oostende-Triplet et al., 2017). Endocytosis was implicated in the spatial 

restriction of syntaxin protein KNOLLE to the cell plate (Boutté et al., 2010) and in the 

removal of the cellulose synthase enzymes from the central part and their recycling to the 

peripheral growth zone of the cell plate (Miart et al., 2014). Consistently with these 

observations electron tomography analysis revealed a high density of CCPs and CCVs during 
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the transformation of the tubulo-vesicular network to a planar fenestrated sheet during cell 

plate formation (Seguí-Simarro et al., 2004). CCPs and CCVs were mostly localized at the 

trailing (inner) edge of the enlarging phragmoplast. Internalization and recycling of material 

from the central part and its delivery to the leading edges of maturing cell plate were thus 

definitely connected to clathrin-dependent endocytosis (Boutté et al., 2010; Ito et al., 2012; 

Teh et al., 2013; Miart et al., 2014). Based on these findings and on our results we suggest 

that PLDα1 and its product PA might participate in the complex signalling network involved 

in the vesicle trafficking and membrane assembly during plant cytokinesis. Although the 

precise mechanism by which PLDα1 or PA are involved in these processes is unknown. Our 

results indicate that PLDα1 localized on microtubule surface can potentially functions as 

molecular glue for CCPs and CCVs associated with microtubules. This is further corroborated 

by the observation that microtubule-colocalized clathrin structures are quantitatively absent in 

the pldα1 mutant.  
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Conclusions 

First part of this thesis briefly summarizes current knowledge on plant microtubules and 

microtubule end-binding protein family, focused on EB1c protein. Further it introduces 

phospholipases, especially PLDα1 protein and potential connection of EB1c and PLDα1 to 

mitogen activated protein kinases. Likewise, conventional and advanced microscopy 

techniques are briefly explained. 

Experimental part of this work describes developmental localization of microtubule EB1c 

protein in Arabidopsis root using advanced LSFM. Construct proEB1c::EB1c:GFP was 

stably transformed to Arabidopsis thaliana. Presence of chimeric EB1c-GFP protein was 

confirmed in T2 generation by protein extraction followed by SDS-PAGE and immunoblot 

using anti-GFP antibody. Arabidopsis seedlings showing EB1c-GFP expression were 

observed using minimally invasive and phototoxic LSFM. We were able to address and 

quantify nuclear localization of EB1c in meristematic, transition and elongation root zones in 

three important root tissues such as epidermis, cortex and endodermis. Moreover, we 

correlated nuclear sizes with EB1c expression levels. Results demonstrate high potential of 

LSFM for 4-D live fluorescent imaging of plant samples such as growing roots. One 

indisputable advantage of LSFM is capacity to visualize proteins in deeper cell layers (e.g. 

endodermis) with minimal optical aberrations. Our results supported the unique role of the 

transition root zone in the cell reprogramming during their developmental transition from 

proliferation to differentiation in the developing root apex. We also cloned EB1c gene under 

control of native EB1c promotor and fused with DRONPA. Expression of chimeric EB1c-

DRONPA protein was checked using transient transformation of Nicotiana benthamina 

before stable transformation of A.thaliana. This chimeric protein was localized to nuclear 

subdomains using super-resolution PALM microscopy. 

In this study, we utilized advanced microscopy, namely LSFM, for developmental imaging of 

PLDα1 under natural conditions to explore cell-type specific expression patterns of this 

protein. KO pldα1 mutants were complemented with PLDα1 under control of native PLDα1 

promotor and fused with YFP. Stomatal guard cells of cotyledons from wild type plants and 

plants complemented with PLDα1-YFP closed in response to ABA, in contrast to pldα1 

mutants insensitive to ABA in this respect. Microscopic observations revealed high 

accumulation of PLDα1-YFP in the root cap, trichoblasts and tips of root hairs. A relatively 

high expression of PLDα1-YFP was observed in hypocotyl epidermal cells, pavement and 

stomatal guard cells of cotyledons, and in leaf epidermis, stomata guard cells, trichomes and 
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petioles. PLDα1-YFP was colocalized with microtubules visualized by pUBQ1:mRFP::TUB6 

construct in both dividing and non-dividing cells. This experiment showed accumulation of 

PLDα1-YFP on mitotic spindles and phragmoplasts. Thus, we provided a high-resolution 

subcellular localization of PLDα1 in both dividing and non-dividing Arabidopsis cells in the 

root meristem and leaf petioles. 
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Supplements 

Abstrakt v českém jazyce 

Tato disertační práce je zaměřena na END BINDING protein 1c (EB1c) a protein 

FOSFOLIPASA D ALFA 1 (PLDα1) a zahrnuje jejich vývojovou expresi a lokalizaci 

v semenáčcích Arabidopsis thaliana za použití pokročilých mikroskopických technik.  

Hlavní kořen vyšších rostlin je anatomicky definován v bočním směru existencí zástupů 

buněk v konkrétních pletivech, podélně pak přítomností odlišných vývojových zón. Pro 

rostliny specifický EB1c, který je u Arabidopsis thaliana jedním ze tří členů EB1 proteinové 

rodiny, vykazuje v nedělících se buňkách kořenové špičky výraznou jadernou lokalizaci. Za 

použití moderního „light-sheet“ fluorescenčního mikroskopu (LSFM) jsme kvantifikovali 

vývojově regulovanou expresi GFP-značeného proteinu EB1c, který byl pod kontrolou 

nativního EB1c promotoru. Kvantifikace byla provedena ve vztahu k velikosti buněčných 

jader v různých kořenových pletivech (epidermis, primární kůra, endodermis) a v jednotlivých 

kořenových vývojových zónách (meristém, přechodná a prodlužovací zóna). Naše výsledky 

podpořily teorii, že v kořenové špičce hraje přechodná zóna jedinečnou úlohu v programování 

buněk během vývoje při přechodu buněk z rychlého dělení k jejich diferenciaci. Kromě toho 

byl klonován fúzní DRONPA a EB1c konstrukt pod kontrolou vlastního EB1c promotoru, 

který byl přechodně transformován do listů Nicotiana benthamiana a stabilně do rostlin 

Arabidopsis thaliana. Fotoaktivační lokalizační mikroskopie (PALM) ukázala bodovou 

akumulaci EB1c-DRONPA proteinu v buněčných jádrech. 

PLDα1 protein a jeho produkt fosfatidová kyselina, hrají důležitou roli v mnoha 

fyziologických a buněčných procesech. Zaměřili jsme se na studium vývojového expresního 

vzoru a subcelulární lokalizaci tohoto proteinu za použití kombinace LSFM, strukturované 

osvětlovací mikroskopie (SIM), mikroskopie s rotujícím diskem a konfokální mikroskopie. 

Knock-out pldα1 mutanti, komplementovaní  fúzním proteinem PLDα1-YFP pod kontrolou 

vlastního PLDα1 promotoru, vykazovali vyšší akumulaci PLDα1-YFP v kořenové čepičce a 

ve špičkách rostoucích kořenových vlásků. V epidermálních buňkách listů, řapíků a 

hypokotylů byl PLDα1-YFP lokalizován v cytoplazmě, a vykazoval zvýšenou akumulaci 

v oblasti kortikální cytoplazmatické vrstvy. Nicméně v dělících se kořenových a řapíkových 

buňkách byl PLDα1-YFP obohacený v dělícím vřeténku a fragmoplastu, což naznačila jeho 

kolokalizace s mikrotubuly. Tato studie ukázala vývojově kontrolovanou expresi a 

subcelulární lokalizaci PLDα1 proteinu jak v dělících se, tak nedělících se buňkách. 


