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ABSTRAKT

Cytoskelet rostlin, provazana sit’ aktinovych a mikrotubulovych vldken, je zdsadni pro mnoho
bunécnych procest, které jsou nezbytné pro rist, vyvoj a reprodukei rostlin. DileZitou soucasti
tohoto dynamického systému je aktinovy cytoskelet, ktery je regulovan skupinou aktin-
vazajicich proteini, v¢etné dvou aktinovych nukleatori, ARP2/3 komplexu a rodinou formint.
Cilem mého doktorského vyzkumu bylo objasnit rozdily ve funkcich ARP2/3 komplexu a
formind a odhalit mechanismy, které stoji za morfologickymi fenotypy rostlin s nefunkénim
komplexem ARP2/3. Zatimco vliv  ARP2/3 komplexu a forminti na morfogenezi bunck
Arabidopsis thaliana byl popséan, interakce mezi témito dvéma nukleatory zistaly
neprozkoumany. V ramci mé prace jsem porovnavala rostliny s mutovanymi podjednotkami
ARP2/3 komplexu a mutanty v nejzastoupenéjSim forminu v rostlinach (FORMINTI) spolecné
s jejich dvojitymi mutanty a zjistila jsem, ze tvar trichomu a epidermalnich bunék déloznich
listkti se u dvojitych mutantti podoba mutantim v podjednotkach ARP2/3 komplexu. Nicméné,
systémy. Nasledujici studie aktinového a mikrotubulového cytoskeletu v rostlindch s
mutantnimi aktinovymi nukleatory, spolu s jejich odlisnou lokalizaci v rostlinnych bunkéach,
dale uptesnila nase porozuméni jejich rolim. Navic jsme v ramci naseho vyzkumu pfilozeného
k této disertacni praci studovali jak difuzné rostouci bunky, tak apikalné rostouci rostlinné
bunky — pylové lacky. Zatimco role forminti jako aktinovych nukleatori v apikaln¢ rostoucich
pylovych lackach je dobfe znama, role komplexu ARP2/3 v rastu pylovych lacek jesté nebyla
zkoumana. N4as vyzkum ukézal, Ze mutace v komplexu ARP2/3 ovliviiuji rast pylovych lac¢ek
a nasledné produkci semen. Déle jsme zjistili, ze podjednotka komplexu ARP2/3 — podjednotka
ARPC3 — je dilezitou soucasti ARP2/3 komplexu specificky pro riust pylovych lacek. Mutace
ARPC3 podjednotky neovliviiuje cirkularitu pokozkovych bunék déloznich listkti a tvar
trichomd, ale ovliviiuje prodluzovani pylovych lacek. Nase néasledna prace poté odhalila, ze
morfologické zmény a problémy s adhezi pokozkovych bunck popsané pti nefunkcnosti
ARP2/3 komplexu jsou spojeny s lokalné zménénymi stavy pektinu v bunééné sténé. Moje
disertacni prace zkouma rizné role aktinovych nukleatori, komplexu ARP2/3 a formint, v
rostlinnych bunkach, se zaméfenim na jejich vliv na cytoskelet a nasledné na morfologii bunék.



ABSTRACT

The plant cytoskeleton, a complex network of actin and microtubule filaments, is crucial for
numerous processes essential to plant growth, development, and reproduction. An important
part of this dynamic system is the actin cytoskeleton, which is regulated by various actin-
binding proteins, including only two actin nucleators in plants, the ARP2/3 complex, and the
family of formins. My doctoral research aims to elucidate the differences in function between
ARP2/3 complex and formins as well as to uncover the mechanisms underlying the
morphological phenotypes observed in ARP2/3 complex mutant plants. While the influence of
the ARP2/3 complex and formins on Arabidopsis thaliana cell morphogenesis has been
described, the interactions of the two nucleators have remained unexplored. By comparing
plants with mutant subunits of the ARP2/3 complex and mutants of the most abundant formin
in plants (FORMIN1), together with their double mutants, we found that the shape of trichomes
and epidermal cells of cotyledons of the double mutants resembles those of the ARP2/3
complex mutants. However, a deeper analysis revealed a more complex, non-antagonistic
relationship between the two nucleation systems. A following study of the actin and
microtubule cytoskeleton in plants with mutant actin nucleators, along with their distinct
localisation in plant cells, further refined our understanding of their roles. Furthermore, in our
research work attached to this dissertation thesis, we studied both diffusely growing cells and
tip growing plant cells - pollen tubes. While the role of formins as actin nucleators in the apical
growing pollen tubes is well known, the role of the ARP2/3 complex in pollen tube growth has
yet to be examined. Our research has shown that mutations in the ARP2/3 complex affect pollen
tube growth and, subsequently, seed production. In addition, we found that a subunit of the
ARP2/3 complex - ARPC3 subunit - is an important component of the ARP2/3 complex
specifically for pollen tube growth, as its mutation does not affect the circularity of cotyledon
epidermal cells and trichome shape but affect pollen tube elongation. Our subsequent work then
revealed that morphological changes associated with the ARP2/3 complex are linked to locally
altered pectin states in the cell wall, which stood behind affected cell-to-cell adhesion and cell
shape of ARP2/3 complex mutant plants. My dissertation thesis explores the distinct roles of
the actin nucleators, the ARP2/3 complex, and formins, in plant cells, with a focus on their
effects on the cytoskeleton and, subsequently, on cell morphology.



INTRODUCTION

Actin cytoskeleton in the plant cells

The plant cytoskeleton consists of two types of filaments: microfilaments, known as the actin
cytoskeleton, and microtubules. These filaments are interconnected and work together to form
a dynamic network that allows plant cells to respond to a variety of stimuli and provides a
scaffold crucial for essential intracellular processes such as cell growth, division, intracellular
trafficking, and signalling (reviewed in X. Wang & Mao, 2019 and Yuan et al., 2023). Actin
filaments are 7 nm thick, polarised, linear, right-handed, double-stranded helical filamentous
protein polymers composed of the abundant cytoplasmic monomeric protein, actin. Actin is a
42kDa globular, monomeric protein, also called G-actin. When G-actin assembles into
filaments, it is referred to as F-actin. These actin filaments are polarised, with a plus (barbed
end and a minus (pointed) end (Pollard & Borisy, 2003). Actin filaments are formed by diverse
actin isoforms. Plants possess more isoforms of G-actin compared to mammals, which have
only 6 isoforms (Perrin & Ervasti, 2010). Arabidopsis thaliana has genes encoding 8 actin
isoforms, which are categorised into two groups based on their expression patterns - generative
and vegetative actin isoforms. Generative actin isoforms are expressed in reproductive organs
(ACTI1, ACT3, ACT4, ACT11, ACTI12), and vegetative isoforms are expressed in leaves,
stems, and roots (ACT2, ACT7, ACT8) (McDowell et al., 1996) (Meagher etal., 1999) (Kijima
et al., 2018). The remaining isoforms ACT5 and ACT9 did not show expression in any tested
tissues and were initially considered pseudogenes. However, according to a database search,
they are expressed in Arabidopsis endosperm (An and Meagher 2010) (Slajcherova etal.,2012).
The functional importance of two distinct actin isoforms was demonstrated by Kandasamy and
colleagues (2002) through the ectopic expression of the reproductive actin isoform ACT]I in
vegetative tissues, which unexpectedly affected most plant organs and caused dwarfism
(Kandasamy et al., 2002). Furthermore, mutation of reproductive actin isoform ACTI11 is
shown to delay pollen germination and enhance pollen tube growth (Chang & Huang, 2015).
The actin network is highly dynamic, undergoing constant remodelling through processes such
as filament growth, shrinkage, bundling, branching, bending, curling, and disintegration. This
dynamic rearrangement of the actin network, known as actin polymerization and
depolymerization, is mainly regulated by the timing and location of new filament nucleation,
elongation, crosslinking, and disassembly. These processes are controlled by Actin-Binding
Proteins (ABPs), which will be described in the next chapter.

Actin-Binding Proteins (ABPs)

Arabidopsis actin-binding proteins are encoded by large, differentially expressed families
whose primary role is the fine, precise, and rapid tuning of the actin network’s dynamics and
structure (see Figure 1). It is important to realise that actin-binding proteins can have one or
multiple roles, each influencing and shaping the actin cytoskeleton network (see, e.g., Lian et
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al., 2021 and Garcia-Gonzélez & van Gelderen, 2021 or Yuan et al., 2023). Key types of plant
ABPs include:

1.

Profilins: Small proteins binding actin monomers (G-actin), preventing
spontaneous nucleation and promoting polymerization when actin is needed. These
proteins are crucial for formin-mediated actin filament nucleation.

Actin-Depolymerizing Factors (ADF) and Severing proteins: ADF proteins play
a key role in regulating actin dynamics by binding to actin filaments (F-actin) and
promoting their disassembly, which contributes to the rapid turnover of the actin
cytoskeleton. Severing proteins such as villin, and some formins shorten filaments
by creating breaks in the backbone and generating new ends for assembly and
disassembly. These proteins are essential for actin filament reorganisation, with
severing activity being the predominant mechanism for filament disassembly.

Crosslinking and bundling proteins: Actin filaments are often arrayed into higher-
order structures like actin cables and bundles. The villins, fimbrins and some
formins proteins crosslink actin filaments into bundles, which are vital for
maintaining nucleus migration, organelles movement, and cytoplasmic streaming.
They also have the capacity to sever and cap actin filaments.

Capping proteins and villin: These proteins bind to the barbed ends of actin
filaments, preventing further addition of actin monomers, thus regulating filament
length and dynamics.

7. NETWORKED (NET) proteins: This group of proteins associate actin filaments

primarily with membranes, NET1 with plasma membrane and plasmodesmata,
NET2A with the plasma membrane, NET3B with the endoplasmic reticulum and
NET4 with tonoplast system.

8. Myosin motors: Myosins are actin-based motor proteins belonging to the myosin

VIII and XI families. The Arabidopsis genome encodes thirteen members of the
class XI myosins and four members of the class VIII motor proteins. They are
essential for cytoplasmic streaming, as well as the movement and transport of
organelles and vesicles. Plant myosins typically move from the minus to the plus
end of the actin filament.

9. Actin nucleators: Actin nucleators, such as ARP2/3 complex and formins are

integral to maintaining the dynamic nature of the actin cytoskeleton in plants.
Generally, formins are believed to nucleate long actin filaments and actin bundles,
while the ARP2/3 complex is responsible for generating fine, branched actin
meshworks.

Actin-binding proteins can bind to G-actin or F-actin, or both. Actin nucleators, such as the
ARP2/3 complex and family of formins generate starts for filament assembly from either the
G-actin subunit monomer pool or profilin—G-actin complexes (Henty-Ridilla et al., 2013) (Li
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et al., 2015). Most of the actin in plant cells exists in the monomer pool (G-actin), with only
about 5-10% estimated to be in filamentous form (F-actin) (Henty-Ridilla et al., 2013). This
monomer pool is buffered by an equally abundant amount of profilin, which forms a 1:1
complex with G-actin. In in vitro experiments, ATP-bound G-actin monomers are likely
attached to the fast-growing barbed end of the actin filament. Conversely, ADP-bound G-actin
monomers are disassembled from the slower-growing pointed end of the actin filament. Shortly
after the ATP-loaded G-actin monomers are added to the fast-growing barbed end, nucleotide
hydrolysis occurs, converting them to ADP-Pi-loaded subunits. Subsequently, (inorganic
phosphate) P; is released, leaving the ADP-loaded G-actin subunits. This results in older regions
of the filament containing ADP-loaded G-actin, which can signal different types of actin-
binding proteins, as some ABPs interact specifically with ADP-actin (Blanchoin et al., 2014).

Actin filament networks have been known to support and facilitate cytoplasmic streaming,
organelle movements, and secretory pathways in plant cells (Yuan et al., 2023). As such, the
actin cytoskeleton is recognised as a key player in establishing cellular morphogenesis, growth
polarity, and cell wall assembly. The cortical actin cytoskeleton typically consists of two types
of filaments: actin bundles and individual actin filaments. Actin bundles, labelled fluorescently,
appear brighter, usually straighter, and have a longer lifespan than individual actin filaments.
Individual actin filaments, which are very hard to observe are characterised by their lower
fluorescent intensity (Staiger et al., 2009). These single actin filaments are highly dynamic,
undergoing nucleation, depolymerization, polymerization, rearrangement, and fusion into
bundles within tens of seconds (Vidali et al., 2010). This dynamic process is called the
“treadmilling model”. It describes the process where G-actin assembles at the barbed end while
disassembling at the pointed end, creating a flow of subunits through the filament over time
(Staiger et al., 2009) (Carlier and Shekhar, 2017). Another model called “stochastic dynamic
turnover model” describes the dynamic behavior of single filaments in the cortical array
(Staiger et al., 2009) (Henty-Ridilla et al., 2013). To demonstrate the importance of actin-
binding proteins in the regulation of the actin cytoskeleton network, a model is provided that
illustrates the regulation of actin organisation and its stochastic dynamics (Figure 1).

The dynamic nature of actin filaments can be measured in in vitro experiments. It has been
observed that the new filaments grow from one end at rates ranging from 1.6 to 3.4 um/s and
can reach average maximum lengths of 10—15 pum before starting to disassemble. It is estimated
that 1 um long actin filament consists of approximately 370 actin subunits (Pollard et al., 2000).
This rapid elongation is balanced by disassembly through severing activity, resulting in
filaments that can attain lengths of about 15 pm but remain short-lived (Michelot et al., 2007)
(Staiger et al., 2009).
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Figure 1.: Model of the regulation of actin organisation and stochastic dynamics: The model
describes three overlapping levels of control: filament initiation, stochastic dynamics, and
filament organisation (adapted from Lietal., 2015).
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Actin nucleators: ARP2/3 complex and formins family

It is essential to regulate both the timing and location of actin network polymerization in plant
cells (Hussey et al. 2006). Important actin-binding proteins that initiate actin filament
nucleation are actin nucleators. The only two actin nucleators identified so far in plant cells are
the ARP2/3 complex and formins (Xu et al. 2023). The ARP2/3 complex and formins use
different nucleation mechanisms and activation modes, and nucleate actin filaments at different
speeds. The ARP2/3 complex is highly conserved, and its subunits do not have many isoforms
in the genome. In contrast, the formin family is extensive and formins exhibit a diverse range
of functions in plants beyond actin nucleation.

In animal cells, a variety of actin nucleators, beyond those found in plants, play crucial roles in
cytoskeleton regulation. The ARP2/3 complex and formins are the most important but not the
only actin nucleators. The ARP2/3 complex is a primary nucleator of branched actin networks.
Formins are responsible for the nucleation and elongation of unbranched actin filaments.
Another actin nucleator Spire nucleates actin filaments by binding to actin monomers and
facilitating their assembly into short filaments. The Cordon-bleu (Cobl) nucleator creates long
unbranched filaments and is involved in shaping cell morphology and neuron development.
Leiomodin (Lmod) proteins promote the nucleation of actin filaments, particularly in muscle
cells. IMY (Junction-mediating and regulatory protein) actin nucleator is involved in cell
motility, DNA damage response, and transcriptional regulation. WHAMM (WASP homolog
associated with actin, membranes, and microtubules) can nucleate actin filaments and is
involved in vesicle transport and autophagy. Finally, Tandem Monomer-Binding Nucleators
facilitate actin nucleation by stabilising actin monomers and promoting filament assembly and
are involved in cell migration and signal transduction. The distinct and complementary roles of
the actin nucleators in animal cells allow for dynamic and precise regulation of the actin
cytoskeleton (see, e.g., Firat-Karalar & Welch, 2011).

Plant cells have only two actin nucleators, which makes them an ideal model for studying actin
nucleation. In addition to actin nucleator mutants, cytoskeletal drugs, and actin nucleator
inhibitors are commonly used to study actin cytoskeleton polymerization (Rosero et al., 2016).
Cytoskeletal drugs are small molecules produced by various organisms, including fungi, sea
sponges, and some plants. Actin depolymerizing drugs, such as Latrunculin B and Cytochalasin
D, bind to globular actin, its nucleation, and polymerization, which leads to complete loss of
actin filament structure. In contrast, phalloidin and jasplakinolide bind to F-actin and stabilise
the filaments (Holzinger and Blaas, 2016). For microtubules, Oryzalin inhibits polymerization
by binding to tubulin, while Taxol stabilises microtubules by binding to tubulin, preventing
their depolymerization. Furthermore, targeted acute disruption of actin nucleation activity can
be achieved with the use of actin nucleator inhibitors such as CK-666 and SMIFH2. CK-666
acts as an ARP2/3 complex inhibitor (Nolen et al. 2009), and SMIFH2 (small molecule inhibitor
of FH2) (Cao et al. 2016) serves as a broad-spectrum formin inhibitor. Actin nucleation
inhibitors have mainly been developed and tested in animal cells, but some initial studies have
also explored their activity in plant cells (Ali et al. 2020) (Liu et al. 2020) (Xu et al., 2024).
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ARP2/3 Complex

The ARP2/3 complex consists of seven highly conserved subunits: two actin-related proteins
(ARP2 and ARP3) and five additional subunits ARPC1-ARPCS, where the letter C denotes
ARP2/3 complex Component. Actin-related proteins share partial sequence similarity with
conventional actin monomers, with sequence homology ranging from 15% to 70% (Schroer et
al.,, 1994) (Oma & Harata, 2011). The other five ARP2/3 complex Component subunits,
ARPC1-ARPCS, mediate interactions with mother actin filaments, enabling the complex's
branching function. ARPC2 and ARPC4 form the core of the complex, with ARPC4 being
essential for structural integrity (Kotchoni et al., 2009) as illustrated in Figure 2.

The ARP2/3 complex subunits are expressed throughout the entire Arabidopsis thaliana plant
(Li et al., 2003). Subunits ARPC1, ARPC2, and ARPCS5 are encoded by two isoforms each in
the Arabidopsis genome. The ARPC1 subunit has two isoforms, ARPCI1A and ARPC1B, with
almost identical sequences (Mergner et al., 2020). ARPC2 subunit is also coded by two
isoforms, ARPC2A and ARPC2B, in the Arabidopsis genome, and it is a core subunit necessary
for the integrity of the whole complex (El-Assal et al., 2004). The ARPC2B is not able to
rescue the mutation in ARPC2A isoform, although it is widely expressed in plant tissues (EI-
Assal et al., 2004) (Mergner et al., 2020). This subunit is also important for the interaction of
the ARP2/3 complex with microtubules (Havelkova et al., 2015). Furthermore, ARPC3 is a
peripheral subunit. Interestingly, it is not crucial for the integrity and function of the whole
ARP2/3 complex, as the complex seems to be at least partially functional in vegetative tissues
even without the ARPC3 subunit (Bellinvia et al., 2022). ARPC3 subunit is mainly expressed
in pollen tubes (Li et al., 2003) (Mergner et al., 2020). The ARPCS5 subunit has two isoforms
in the Arabidopsis thaliana genome: ARPC5A and ARPCS5B. Both isoforms are highly
conserved. However, ARPC5B is not expressed throughout plant tissues and does not
compensate for the ARPC5A mutant, suggesting that it is probably a pseudogene (Mergner et
al., 2020). Notably, ARPCS is the only subunit of the ARP2/3 complex that does not directly
interact with either the mother or daughter actin filament. We can hypothesise that its role can
be ARP2/3 complex stabilisation or can be involved in signalization and regulation of the
ARP2/3 complex - visualised in Figure 2.

The ARP2/3 complex is essential for branching existing actin filaments by attaching to pre-
existing (mother) filaments and nucleating new (daughter) filaments at approximately 70°
angle, thereby forming a fine actin meshwork (Volkmann et al., 2001). To nucleate actin
filaments, the ARP2/3 complex must first be activated by nucleation-promoting factors (NPFs).
Upon activation, ARP2 and ARP3 subunits within the complex converge to form the nucleation
core. In animals, ARP2/3 is activated by various NPFs, including the WASP (Wiskott—Aldrich
syndrome) protein (Zicha et al., 1998), N-WASP (Neuronal WASP), and WAVE (WASP
family verprolin-homologous protein), originally described as SCAR (suppressor of the cAMP
receptor) in Dictyostelium discoideum (Bear et al., 1998). In contrast, plants have lost WASP
and WASH proteins, retaining only SCAR/WAVE as the sole NPF, with five members
identified in Arabidopsis (SCAR1-SCAR4 and WAVES) (Szymanski, 2005) (Zhang et al.,
2008) (Zhang et al., 2013). SCAR/WAVE proteins feature a C-terminal VCA domain, essential
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for ARP2/3 activation and actin monomer binding (Machesky et al., 1999). In plants,
SCAR/WAVE operates within a multimeric complex (called W/SRC) composed of SCAR1-4,
NAPI1, BRICK1, ABIL1-4, and PIR1, which regulates its activity and interactions (Szymanski,
2005). Mutations in SCAR/WAVE complex subunits (SCAR1-4, NAP1, BRK1, ABIL and
PIR1) exhibit phenotypes comparable with ARP2/3 complex mutants (Yanagisawa et al.,
2013). Double mutants of SCAR/WAVE complex and ARP2/3 complex subunits also exhibit
comparable phenotypes compared to individual ARP2/3 complex subunit mutants, except
ARPC3 one (Deeks et al., 2004) (Bellinvia et al., 2022). In animal cells, the ARP2/3 complex
activity is further modulated by the cell's natural inhibitors like Arpin, Coronin, and GMF, but
no cell's natural inhibitors of ARP2/3 complex have been identified in Arabidopsis. The plants
seem to have simplified regulation, with only one known activator complex (SCAR/WAVE)
and no known inhibitors.

The major role of the ARP2/3 complex in animal and yeast cells is actin assembly and
organisation at the membrane-cytoplasm interface. The ARP2/3 complex is essential for the
establishment of lamellipodia by polymerization of actin filaments at the leading edge of the
cell and thus for cell motility. It is necessary for cell migration during embryogenesis,
chemotaxis of white blood cells, or neuronal axon growth, autophagy, endocytosis, apoptosis,
chromatin dynamics, and DNA repair (Svitkina & Borisy, 1999) (Mogilner, 2006) and many
more functions (see, e.g., Campellone et al., 2023). In yeast, ARP2/3 is responsible for the
organisation of actin patches - dynamic actin structures that are important for endocytosis and
cell wall organisation and remodelling (Daugherty & Goode, 2008) (Akram et al., 2020).

The role of the ARP2/3 complex in plants is still largely undocumented. In recent years, a large
number of phenotypes associated with plant cell growth and development have been described
that may point to exact role for the ARP2/3 complex in plants. The phenotypes of ARP2/3
complex and SCAR/WAVE complex mutations in plants are mostly associated with cell
growth, morphogenesis, and cell-to-cell adhesion. ARP2/3 complex and SCAR/WAVE
complex mutant plants have distorted trichomes, less lobed cotyledon pavement cells, disrupted
cell-to-cell adhesion (Mathur et al., 2003) (Sahi et al., 2018) (Cifrova et al., 2020), root
elongation problems (Dyachok et al., 2008), affected root hair initiation domain positioning
(Chin et al., 2021), slowed stomatal opening (Zhao etal., 2011) (Jiang et al., 2012), and shorter
and wider stems (Sahi et al., 2018). At the intracellular level, ARP2/3 complex and
SCAR/WAVE complex mutants have subtle changes of actin and microtubule cytoskeleton
arrangement in pavement cells (Cifrova et al., 2020) (Xu et al., 2024), decreased endocytosis
(Qin et al., 2021), fragmented vacuolar system (Schiebertova 2013) (Semerdk 2016) (Garcia-
Gonzilez et al. 2020), slower autophagic degradation pathway including pexophagy (Wang et
al., 2016) (Martinek et al., 2023), disrupted trafficking of auxin transport molecules (Garcia-
Gonzélez et al., 2020) and defects in primary and secondary cell wall deposition (Dyachok et
al.,2011) (Yanagisawa et al., 2015) (Sahi et al., 2018). To investigate the specific functions of
the ARP2/3 complex in plants, it is essential to study its subcellular localisation. The study of
the ARP2/3 complex in plant cells has demonstrated that the ARP2/3 complex is in close
proximity with booth the actin and microtubule cytoskeleton (Fiserova et al., 2006) (Maisch et
al., 2009) (Yanagisawa et al., 2015) (Zhang et al., 2013). Furthermore, subunits of the ARP2/3
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complex and components of the SCAR/WAVE complex subunits have been observed to
colocalize with diverse organelles such as the nucleus or endoplasmic reticulum (ER) in
immunolocalization experiments (Zhang et al., 2013). In our laboratory, we showed that
ARPC2-GFP tagged subunit colocalized with microtubules and motile spots of unknown
identity (Havelkova et al., 2015), which we later uncovered to be peroxisome-associated
ARP2/3-positive domain assisting in pexophagy (Martinek et al., 2023). ARP2/3 complex was
localised to the tips of growing trichome branches (Yanagisawa et al., 2015). SCAR/WAVE
complex subunits showed polarised localizations in root hairs during its initiation phase (Chin
etal., 2021). NAP1-GFP was demonstrated to form pressure-induced puncta colocalizing with
autophagosome markers (Wang et al., 2016). The number and complexity of ARP2/3 complex
localization and mutant phenotypes suggest the complexity of actin-mediated tasks in the plant
cells.

ARPC1
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Figure 2.: Activated ARP2/3 complex at a branch junction with mother and daughter actin
filament

Created with data from (Ding et al., 2022) (they created Single-particle cryo-EM of branched
actin filaments by mixing the Bos taurus ARP2/3 complex, Oryctolagus cuniculus skeletal
muscle actin, and the ARP2/3 complex activator VCA domain of N-WASP, PDB: 7TPIT),
visualised by ChimeraX.

Formins

The family of formins (formin homology proteins) is a large and evolutionarily conserved group
of cytoskeletal regulators expressed through all plant tissues. Their roles are very diverse,
including actin filament nucleation, actin filament capping, actin bundling and modulation of
microtubule dynamics (Cvrcékova et al., 2024). Formin family can be divided into three
subfamilies called Class I (11 members), Class II (10 members), and Class III according to their
characteristic domain organisation. Class III is documented in algae, mosses, and lycophytes
and remains largely unexplored, Class III is absent in angiosperms (Grunt et al., 2008). Class I
encodes formins proteins that typically contain a transmembrane domain (except Arabidopsis
formin 7), and Class II encodes formins proteins without a transmembrane domain, but they
typically carry an N-terminal phosphatase and tensin-related (PTEN)-like domain (Cvrckova,
2000) (Cvrckova et al., 2004) (Deeks et al., 2002) (Deeks et al., 2005). Nevertheless, Class 11
formins have the ability to bind membranes and are recruited to sites of membrane remodelling
(van Gisbergen et al. 2012). Notably, Class I possibly can hold cell wall-binding motifs exposed
to the extracytoplasmic space. Animal cells encode 15 different formins, whose mutations cause
various neurological, immune and cardiovascular disorders. For animal and yeast formins is
published that they are forming the dimers which form a ring-like structure around the barbed
end of the actin filament. They bind to the barbed end of actin in an asymmetric conformation.
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This published structure of the actin-formin-profilin ring complex reveals how formin dimer
ring relocation and actin subunit flattening cause the fast releasing of profilin necessary for
continual filament elongation. Finally, the ability of different formins to promote filament
elongation at different speeds is shown to be due its differences in their actin binding interfaces
(for more information about animal and yeast formins see (Oosterheert et al. 2024) or (Palmer
etal. 2024).

Formins are actin nucleators that have been implicated in the generation of linear actin bundles
(Blanchoin & Staiger, 2010). The most characteristic and defining feature of formins is the
presence of the formin homology domain 1 (FH1) and formin homology domain 2 (FH2). FH1
binds profilin-actin, the major source of actin monomers in cells. FH2 forms a dimeric, ring-
like structure that promotes nucleation (Wasserman, 1998) (Moseley et al., 2004) (Xu et al.,
2004) (Kovar et al ., 2006). Formins can be additionally divided into two groups by their mode
of attachment to the barbed end of the actin filaments - processive and nonprocessive formins.
Processive formins remain attached to the growing end of the actin filament. They nucleate
actin assembly and move along with the barbed end as new actin monomers are added. They
are efficient in promoting rapid elongation of actin filaments (Oosterheert et al. 2024) (Palmer
et al. 2024) . The molecular mechanism of the actin filament elongation by formins is depicted
in Figure 3. Nonprocessive formins bind to the actin filament and dissociate after nucleating a
certain number of actin monomers. They do not remain attached to the filament's growing end.
These formins typically nucleate the formation of new actin filaments but do not support
sustained elongation. Instead, they might regulate the initial stages of filament assembly and
then release the growing filament end and make space for other actin-binding proteins to take
over. Some experimental studies have shown that some formins can exhibit both processive and
nonprocessive behaviours under different conditions (Courtemanche, 2018). In addition, in
yeast and animal cells, some formins can also depolymerize, sever or bundle actin filaments
(Kovar et al., 2006).

Figure 3.: How the actin filament elongates by actin-formin-profilin ring complex by the
"undock-and-lock" mechanism:
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There are 4 proposed models of formin elongation mechanism (Palmer et al. 2024). This
depicted model of formin filament elongation is called "undock-and-lock" mechanism - adapted
from (Oosterheert et al., 2024): One half of the formin dimer ring is stably bound, the other
halfis loosely associated with the filament barbed end and is free and capable to capture a new
actin subunit. When this new actin subunit arrives, its incorporation into the filament
destabilised the formin ring arrangement. As a consequence, part of the formin dimer must
undock, move ahead and form a new binding interface with the incorporated actin subunit.
Adapted from (Oosterheert et al., 2024), the fission yeast Cdc12 formins.

The majority of the plant formins biochemically examined so far bind directly to the barbed
end of actin filaments and elongate the filament in a non-processive manner, as the FH1-FH2
domain of several plant formins does not alter the rate of actin/profilin addition to barbed ends
(Xu et al., 2023). However, in vitro single-molecule imaging technology revealed that formin
AtFH14 attaches to the actin processively (Zhang et al., 2016). Recently it was also confirmed
in vivo that plant formins can contribute to the nucleation of side-branched filaments (Xu et al.,
2023). Furthermore, plant formins AtFHI1, AtFH8, AtFH14, and OsFHS5 have been
biochemically demonstrated to organise actin filaments into bundles. On the other hand, the
AtFH3 and AtFH19 formins do not have bundling activity in vitro (Wang et al., 2013). Some
formins can connect to and regulate the microtubule network. Notably, AtFH1 can modulate
microtubule dynamics (Rosero et al., 2013) (Cifrova et al., 2020). AtFH4, AtFH14, OsFHS5 and
AtFH16 bind to microtubules (Deeks et al., 2010), (Li et al., 2010) (Zhang et al., 2011), (Wang
etal., 2013).

Class I formin: FORMIN 1 (FH1 or AtFHI1 gene, At3g25500) is the most expressed formin in
Arabidopsis and has therefore been the most studied formin family representative. It is known
that fluorescently labelled actin polymerized in the presence of AtFHI (Rosero et al., 2013).
AtFH1 detaches from actin filaments soon after nucleation, thus providing the example of a
non-processive formin (Blanchoin & Staiger, 2010), furthermore FH1 stay attaches to the side
of a preexisting actin filament to nucleate new filaments, suggesting a complicated role for
formins in plant cells than just the ability to generate linear filaments (Michelot et al., 2006).
The mutant phenotypes of atfhl involve larger and less circular pavement cells as a result of
defective formation of lobes, cotyledon epinasty, mild trichome morphology defects, and the
mutation influences actin and microtubules cytoskeleton (Rosero et al., 2016) (Rosero et al.,
2013). Notably, Class I formin FH1 localises at plasmalemma and around plasmodesmata and
temporarily it is localised in endomembranes, including secretory and endocytic pathway
compartments and the tonoplast (summarised in Cvrckova et al., 2024).

Actin nucleators and pavement cell shape
The pavement cell morphogenesis is a highly studied process that helps us understand the

overall plant cell growth mechanism. Plant cell growth, driven by turgor pressure and localised
modifications of the cell wall, is a gradual process that facilitates irreversible expansion in
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certain areas or microdomains of the cell wall while restricting it in others (Sapala et al., 2018).
The actin cytoskeleton involvement in both diffuse and apical plant cell growth is well-
documented (Szymanski & Staiger, 2018). However, the exact molecular mechanisms
underlying these processes are still not fully elucidated. It is proposed that actin is critical for
the intracellular transport of cell wall materials, thereby enabling cellular growth and
morphological changes (Szymanski & Cosgrove, 2009). The cell wall expansion is precisely
coordinated between neighboring pavement cells, which results in a closely packed layer of
interdigitating pavement jigsaw puzzle-shaped cells with coordinated development of lobes and
indentations (necks). Initially, in the embryonic cotyledons, the pavement cells have the shape
of cubes with straight cell walls, but as they grow side by side, the cells take on complex,
jigsaw-like shapes with lobes and indentations and still maintain their adhesion. The
cytoskeleton is important for the pavement cell morphology establishment. The model is that
actin is essential in growing lobes to supply secreted components of the expanding cell wall,
and microtubules, on the other hand, are located near necks and guide the arrangement of
cellulose microfibrils (Sampathkumar et al., 2014). First, the microtubule rearrangement was
described as the first observable event and stable determinant of the lobes (Armour et al. 2015).
Later it was postulated that long-lived microtubules along the anticlinal wall do not predict the
patterns of lobe formation and that lobe initiation is likely controlled by complex interactions
among cell geometry, cell wall stress patterns, and transient microtubule networks (Belteton et
al. 2018). Additionally, it was proposed that lobes are formed by a localised modification of
pectins (Haas et al., 2021) (Cosgrove & Anderson, 2020).

How does the actin cytoskeleton nucleation influence the pavement cells' shape establishment?
ARP2/3 complex and SCAR/WAVE complex mutants are known to have more circular (less
lobed) epidermal pavement cells (Mathur et al., 2003) (Sahi et al., 2018) (Cifrova et al., 2020).
And in agreement with this observation, the plant treated with actin cytoskeleton drugs
latrunculin B, cytochalasin D, or jasplakinolide showed compromised pavement cell wall
morphology, which was comparable to ARP2/3 complex mutant phenotypes (Holzinger 2022)
(Trozzi et al. 2023). Furthermore, the ARP2/3 complex, and its activator complex
SCAR/WAVE subunits are among other places localised in the submembrane cortical region
at three cell junctions and in the growing lobes (Dyachok et al., 2008) (Qin et al., 2021).
Moreover, the ARP2/3 complex is involved in the modulation of auxin transport (Sahi et al.,
2018), (Garcia-Gonzalez et al., 2020), and auxin is a known player in pavement cell
morphology establishment (Liu et al., 2021).

The connection between formins and pavement cell shape establishment is not well understood.
However, the Atfhl mutant exhibits more complex and less circular epidermal pavement cell
shapes (Rosero et al., 2016) (Cifrova et al., 2020). Unlike the ARP2/3 complex marker lines,
AtFH1-GFP does not show any local enrichment at the lobes or necks of cotyledon pavement
cells. Instead, AtFH1 and some other class I formins concentrate at plasmodesmata in epidermal
pavement cells (Oulehlova et al., 2019) (Diao et al., 2018). Moreover, several Arabidopsis class
I formins, such as AtFHS, AtFHI1, and AtFHS8, localise to the nascent cell plate during cell
division, and the application of the formin inhibitor SMIFH2 in tobacco cell cultures disrupts
cytokinesis (see, e.g., Cvrckova et al., 2024). The localisation of formins to the cell plate or
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near plasmodesmata suggests that this may be their potential pathway for mediating their role
in establishing cell shape. But more important and more likely is that AtFH1 influence
pavement cells shape by direct interactions with the microtubule and actin cytoskeleton and,
when mutated, it alters cytoskeleton structure and dynamics which lead to altered pavement
cells shape (Cifrova et al., 2020).

Actin nucleators and pollen tube tip growth

The tip or apical growth is the growth of the cells in one direction - on their tip. Tip growth is
used by pollen tubes, root hairs, moss protonema, or fungal hyphae (Geitmann & Emons, 2000).
Pollen tubes and root hairs are the two best-characterised tip-growing cell types of seed plants,
and the actin cytoskeleton plays a crucial role in their growth. I will concentrate on the role of
actin nucleators during pollen tube tip growth in my text.

The pollen tube invasive apical growth takes place to deliver the male gametes to the
megagametophyte cells. During the fast but tightly controlled process of pollen tube tip growth,
a huge amount of materials for plasma membrane expansion and cell wall synthesis and
modifications need to be delivered via secretory vesicle networks to the place of growth (Scholz
etal., 2020). To ensure fast and polarised growth and secure stability of the “long like conduit
cell shape,” the pollen tube is comprised of three distinct regions: the apical region, which
contains the "clear zone" (growth region), the subapical region, which contains the actin fringe
(transition region), and the distal part, which is known as the shank region (Zhao et al., 2020).
The actin cytoskeleton plays a pivotal yet distinct role in all three regions of pollen tubes.
Moreover, actin is a very abundant protein in pollen, accounting for about 2-20% of the total
soluble protein in pollen grains, which is generated by five reproductive actin isovariants
(ACT1, ACT3, ACT4, ACT11, and ACT12) expressed in Arabidopsis pollen (Pawloski et al.,
2006). Interestingly, actin monomers are uniformly distributed in the cytoplasm of Arabidopsis
pollen tubes and can be rapidly redistributed by cytoplasmic streaming, suggesting that actin
monomers are readily available for assembly by actin nucleators to actin filaments within the
pollen tube (Chang et al., 2017).

The pollen tube actin network can be divided into three main structures: The shank-localised
longitudinal actin bundles, the actin fringe, and the fine-branched apical actin structure.
Longitudinal actin bundles in the shank region play an important role in pollen tube cytoplasmic
streaming generated by the movement of barbed-end directed myosin motors along the shank-
localised actin filaments. A distinct actin organisation called the actin fringe (called also actin
collar, actin mesh, or actin ring) is located behind the pollen tube tip clear zone. This structure
is proposed to act as a physical barrier to exclude large organelles from the pollen tube tip,
organising and controlling the precise localization of endo- and exocytotic events, and
generating the force to drive cell growth (Stephan, 2017) (Xu & Huang, 2020). Actin filaments
are continuously polymerized from the plasma membrane at the tip of a growing Arabidopsis
pollen tube (Qu et al., 2013). The main players in the nucleation are considered formins in
cooperation with their functional partner profilins (Liu et al., 2015) (Lan et al., 2018). From 21
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formins found in Arabidopsis, several are specifically expressed in pollen tubes, although their
loss rarely results in major pollen tube phenotypes due to its functional overlap (“redundancy”).
For example, loss of FORMIN 3 and FORMIN 5 leads to defects in the organisation of the actin
fringe, causing mild pollen tube growth defects (Cheung et al., 2010) (Lan et al., 2018).
Overexpression of FORMIN 3 leads to excessive actin cables formation and pollen tube tip
swelling. Moreover, FORMIN 1 is expressed mainly in vegetative tissues, but its ectopic
expression in pollen tubes also results in excessive formation of thick bundled actin cables,
which leads to the pollen tube tip swelling (Cheung & Wu, 2004). Finally, treatment with the
formin inhibitor SMIFH2 impairs actin polymerization from the plasma membrane at pollen
tube tips (Qu et al., 2017). Recently, the loss of function of Class II pollen-specific FORMIN
13 resulted in the stimulation of pollen tube growth, while tagged FH13 overexpression
inhibited pollen tube elongation (Kollarova et al., 2021). Even though the loss of FORMIN 13
in Arabidopsis did not affect plant fertility (Kollarova et al., 2021), the loss of FORMIN 13 in
rice caused mild fertility problems (Zhang et al. 2023). Importantly, none of the single formin
member mutations cause the pollen tube growth arrest or pollen lethality, the problems with
fertility are minor.

Meanwhile, it was repeatedly published that ARP2/3 complex mutations do not dramatically
affect pollen tube growth in Arabidopsis, which indicated that the ARP2/3 complex is not
essential for pollen tube growth and as the main actin nucleator of pollen tube actin network
were proclaimed formins (Li et al., 2003), reviewed again in (Xu & Huang, 2020). In contrast,
it is known that Arabidopsis SCAR/WAVE complex subunits napl and pir mutants show
slightly decreased fertility (Li et al., 2004). Interestingly, (Ali et al., 2020) showed for
Arabidopsis thaliana and Nicotiana tabacum that the SCAR/WAVE complex subunits, together
with myosin XI, control actin filament-based sperm nucleus migration during karyogamy, but
independently of the ARP2/3 complex. Additionally, it was demonstrated that tomato (Solanum
lycopersicum) growing pollen tube tip-localised growth is supported by a spatiotemporal tightly
controlled actin cytoskeleton network orchestrated by tomato homologs of ARP2, ARP3, and
ARPC4. Moreover, ARP2/3 complex inhibitor, CK-666, slowed down the tomato pollen tube
growth (Liu et al., 2020) suggesting a specific role of ARP2/3 complex. Further, nap! and pirl
mutants of Lotus japonicus had lower pollen germination and seed production (Yokota et al.,
2009), and mutation in ARP2/3 complex subunit ARPCI1 of Lotus japonicus resulted in short
and collapsed seed pods (Hossain et al., 2012). All these results pointed to the important role
of'the ARP2/3 complex and its activator complex SCAR/WAVE in nucleating and coordinating
the actin cytoskeleton during pollen tube growth.

Actin nucleators and trichome shape

Unicellular trichomes are an example of cell whose shape is achieved by both diffuse and tip
growth modes (published about cotton trichomes) (Yu et al., 2019) or by tip-biassed diffuse
growth mode described for Arabidopsis trichomes (Yanagisawa et al., 2015). Arabidopsis
trichomes consist of stalk and usually three pointed branches. However, ARP2/3 complex and
SCAR/WAVE complex mutants fail to form this morphologically difficult shape which leads

20


https://paperpile.com/c/j6M4tI/A78OK
https://paperpile.com/c/j6M4tI/5YRdq
https://paperpile.com/c/j6M4tI/uZTQ5
https://paperpile.com/c/j6M4tI/Mrqxc
https://paperpile.com/c/j6M4tI/B1zz
https://paperpile.com/c/j6M4tI/B1zz
https://paperpile.com/c/X9tLB3/las5
https://paperpile.com/c/j6M4tI/JfBI
https://paperpile.com/c/j6M4tI/KKiPZ
https://paperpile.com/c/j6M4tI/MAhY1
https://paperpile.com/c/j6M4tI/Qiybn
https://paperpile.com/c/j6M4tI/3SgpX
https://paperpile.com/c/j6M4tI/nbsGB
https://paperpile.com/c/j6M4tI/nbsGB
https://paperpile.com/c/j6M4tI/EHAA
https://paperpile.com/c/j6M4tI/cnD4
https://paperpile.com/c/j6M4tI/a9ON

to a so-called distorted appearance as they have shorter, twisted, bloated, and dull branches and
usually also twisted and bloated stalks (Deeks et al., 2004) (Szymanski, 2005). The distorted
trichomes are a hallmark phenotype of the ARP2/3 complex mutants, studied for more than 30
years now (Hiilskamp et al., 1994).

Arabidopsis trichomes differentiation, development, and growth consist of 6 described stages
(Szymanski et al., 1998). Arabidopsis ARP2/3 complex mutants have normal trichome
development until stage five. During stage five, the mutant trichomes undergo uneven diffuse
growth, which results in the distorted trichomes shape. Trichomes of ARP2/3 complex mutants
have disorganised cytoskeleton (Schwab et al. 2003). Similarly, application of actin drugs
latrunculin B, cytochalasin D, jasplakinolide and phalloidin to growing trichomes affected
trichome morphology in a similar way as ARP2/3 complex mutants have (Mathur et al., 1999)
(Szymanski et al., 1999). This demonstrates the need of precisely regulated actin cytoskeleton
structure and dynamics for trichome morphology establishment. The localization studies of the
SCAR/WAVE and ARP2/3 complex shoved its localization to the tips of growing trichomes
(Yanagisawa et al., 2015). The role of microtubules in controlling trichome branching in
Arabidopsis is well established, as altered microtubule dynamics lead to a reduction in trichome
branching and length. The early stages of Arabidopsis trichome branch elongation includes
highly polarised anisotropic diffuse growth and need transverse alignment organised
microtubules and cellulose microfibrils as microtubule-dependent cellulose microfibril
patterning is one central feature of polarised diffuse growth of Arabidopsis trichomes. The
research suggests that the mechanism of Arabidopsis trichome morphogenesis bears little or no
resemblance to tip growth. It seems that it is instead achieved by highly regulated anisotropic
diffuse growth in which spatial gradients in wall thickness are important for shape
establishment. The trichome branch apex always contained an obvious microtubule-depleted
zone (MDZ), which lacked patterned CESA localisation, but where the activated ARP2/3
complex is located. It was shown that ARP2/3 generates actin networks that have a global
influence on the thickness gradient of the cell wall within a branch and a local influence on wall
isotropy at the branch tip. Moreover, the importance of Golgi directional motility for cell wall
establishment and alternations for trichome branch elongation was shown as large numbers of
motile Golgi were present in young ARP2/3 complex mutant branches; however, the
directionality of their movement was reduced. The Golgi apparatus plays a crucial role in cell
wall establishment by synthesising, modifying, and transporting essential components needed
for cell wall formation and maintenance. Specifically, the Golgi is responsible for producing
and processing polysaccharides, such as pectins, hemicelluloses, and glycoproteins. Thus
controlled Golgi cisternae transport ensures that the cell wall is properly assembled and
maintained, contributing to cell structure, remodelling and growth. In summary, the actin
network and the microtubule cytoskeleton work together to organise the cytoplasm including
Golgi apparatus to pattern the cell wall, and consequently, the cell shape changes. Plants other
than Arabidopsis, where ARP2/3 complex or activation SCAR/WAVE complex are absent, also
manifested distorted trichomes. Lotus japonicus plants with a mutation in the arpcl subunit
(Hossain et al., 2012), soybean nap! mutants (Tang et al., 2020), or tomato arpc/ mutants
(Chun et al., 2022) are an example of plants with distorted trichomes.

The involvement of formins in trichome growth is an understudied topic, although, in recent
years, we have begun to obtain data suggesting that they play a certain role. Class I formins are
known to be differentially regulated during the early stages of single-cell trichome fibre
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formation in cotton (Qin et al., 2022). In Arabidopsis, AtFH1 localises to young growing
trichome tips, and the AtFH1 overexpression can surprisingly result in somewhat misshaped
distorted trichome morphology with a reduced number of branches (Oulehlova et al., 2019)
(Cifrova et al., 2020).

Actin nucleators and the cell wall and cell-to-cell adhesion

The actin cytoskeleton is integral to various aspects of cell wall formation and maintenance in
Arabidopsis, from transporting essential materials to guiding synthesis machinery and
responding to environmental changes and threats (Smith & Oppenheimer, 2005) (Szymanski &
Cosgrove, 2009). Actin cytoskeleton works in concert with microtubules (Schneider et al. 2022)
to coordinate the spatial organisation of cell wall synthesis - mainly as the microtubules are the
main cytoskeletal players helping the cellulose synthesis machinery (Paredez et al., 2006).
Primary plant cell walls of eudicots, like Arabidopsis thaliana, are mainly composed of
cellulose, hemicellulose, pectins, and structural proteins, while the most abundant components
are pectins. Pectins regulate the mechanical properties and stiffness of the cell wall and, during
plant development, control cell adhesion, cell wall thickness, and tissue integrity. Pectin
influences cell morphology, growth, and cell adhesion (see, e.g., Qiu et al., 2021 and Shin et
al., 2021). Besides described phenotypes like distorted trichomes or less lobed pavement cells,
ARP2/3 complex subunits mutants and SCAR/WAVE complex mutants have also cell-
adhesion defects that are represented by the presence of gaps between epidermal cells of
cotyledon, true leaves and hypocotyls (Qiu et al., 2002) (Le et al., 2003) (Mathur et al., 2003)
(Zhang et al., 2005). Gaps in true leaves were associated with stomata (Sahi et al., 2018). It is
known that ARP2/3 mutants have altered cell wall of trichomes (Yanagisawa et al., 2015) and
stems (Sahi et al., 2018), however, the ARP2/3 complex-dependent pathway crucial for proper
cell adhesion and cell wall synthesis remain unknown. In particular, the exact pathway by which
pectins are delivered from the site of pectin biosynthesis in the Golgi and incorporated into the
cell wall is also not known, but the idea that the actin network, together with the ARP2/3
complex, is directly involved is currently under discussion (Shin et al., 2021) (Du et al., 2022).

In contrast, no adhesion defects were reported for ARP2/3 complex subunits or SCAR/WAVE
subunits mutants in roots. The absence of functional ARP2/3 complex pathway leads to a
decreased primary root growth rate, fewer cell divisions in the meristematic zone, an increased
number of cells in the transition zone, and a shorter elongation zone (Dyachok et al., 2011)
(Takatsuka et al., 2018). Moreover, BRK1 and SCARI subunits of SCAR/WAVE activators
were localised in the root tip epidermis up to the elongation zone, predominantly at three-way
cell junctions. Furthermore, in brkl and arp3 mutants, actin arrays in the root elongation zone
appear disorganised (Dyachok et al., 2008). Finally, the cell walls of brk/ and arp2 mutant roots
exhibited abnormal structures with unknown composition in some intercellular junctions at the
transition between division and elongation zones (Dyachok et al., 2008). Nevertheless, gas
chromatography analyses, immunoelectron microscopy using a variety of antibodies
experiments, and electron microscopy revealed normal cell wall ultrastructure and composition
in most areas of brkl and arp2 mutant root tips (Dyachok et al., 2008). The data showed that
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ARP2/3 complex influence root growth and probably root cell wall but its mutation does not
cause problems with adhesion. These results suggest specific functions of the ARP2/3 complex
in root and above-ground tissues and may imply that plant cell adhesion is mediated differently
in above and below-ground plant tissues.

It is reported that formins can bridge the actin cytoskeleton across the plasma membrane and
anchor it within the cell wall (Martiniere et al., 2011) (Liang et al., 2021), as such it is possible
that formins play a role in cell wall synthesis or signalling to and from the cell wall.
Nevertheless, to my knowledge, no changes in primary cell wall composition have been
reported in Arabidopsis formin mutants. However, the rice formin5 (rmd) mutant showed
together with abnormal cell growth and irregular cell shape establishment also disorganised cell
wall surface (Zhang et al. 2011). Nevertheless, how FH5/RMD affects cell wall architecture
development remains to be uncovered.

Actin nucleators and exocytosis and endocytosis

Plant cell growth relies on the delivery of membrane-bound vesicles containing membrane
lipids, proteins, and exocytotic cargoes, as well as on the endocytic membrane and cargo
retrieval. Therefore, exocytosis and endocytosis must be precisely coordinated. The spatial
control of plant cell exocytosis and endocytosis is influenced by the cytoskeleton in addition to
endomembrane trafficking regulators (see, e.g., Wang & Hussey, 2015 and Orr et al., 2020).
Nevertheless, the role of ARP2/3 complex in actin-dependent endocytosis is well described for
yeast and animal cells (Campellone et al., 2023), but in contrast in plant cells, the currently
prevailing model is that plant endocytosis is actin-independent (Kraus et al. 2024). Recent
works by (Narasimhan et al., 2020) and (Johnson et al., 2021) describes that endocytic vesicle
formation on the cytoplasmic membrane is independent of actin in plants. Furthermore is shown
that actin does not localise to endocytic sites and interfering with actin dynamics does not alter
the density of endocytic sites nor does it have a significant effect on endocytic dynamics and
flux (Narasimhan et al., 2020). Nevertheless, further detailed inspection revealed that there can
be a role for ARP2/3 complex in endocytosis. The participation of the ARP2/3 complex and its
activator complex SCAR/WAVE in endomembrane transport was reported by (Qin et al.,
2021), who demonstrated that ARP2/3 mutants have decreased endocytic uptake of FM4-64
dye and impaired endocytosis-dependent localization of the AtEH/PEN1 protein. AtEH/PEN1
protein is a subunit of TPLATE complex with the ability to bind actin directly and therefore
can assist the newly formed clathrin-coated vesicles move along actin filaments. In addition,
AtEH/Panl proteins recruit TPLATE complex, AP-2 subunits, clathrin, actin and ARP2/3
proteins to autophagosomes upon induction of autophagy (Wang et al. 2019). Furthermore, our
subsequent work demonstrated that the recycling of auxin transporters is impaired in ARP2/3
complex mutants (Garcia Gonzalez et al., 2020).

ARP2/3 complex involvement in exocytosis was suggested by preliminary experiments in our
laboratory; ARP2/3 and an exocyst subunit interacted and colocalized at the cytoplasmic
membrane (Jelinkova, 2021).
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Meanwhile, there is growing evidence suggesting the participation of plant formins in
endomembrane trafficking. Cvrckova et al. (2024) proposed that formins are a specific type of
'active cargo'. Active cargoes are proteins that carry out some of their functions during transport,
thereby also influencing the fate of the membrane compartments that transport them. Formins,
as plants transmembrane actin-binding proteins and actin nucleators, can be seen as cargo
molecules that are at the same time active in regulating endomembrane traffic (Cvrckové et al.,
2024). Furthemore, the participation of formins in endocytic membrane trafficking in animal
cells is very well documented, and it is known that formins participate in both clathrin-
independent and clathrin-mediated endocytosis events (see, e.g., Chakrabarti et al., 2021 and
Cvrckova et al., 2024). The role of formins in exocytosis is described mainly for pollen tubes.:
AtFHS localises to exocytotic vesicles before pollen tube emergence (Liu et al., 2021). A lily
formin LIFH1 modulates pollen tube elongation and also localises to exocytotic vesicles in the
actin fringe area (Li et al., 2017). Meanwhile, a model has been proposed for the division of
labour between class I and class II formins in P. patens tip growth protonemata, with class |
formins playing a predominantly exocytotic role, whereas class Il counterparts are mainly
involved in endocytosis (van Gisbergen et al., 2018) (van Gisbergen et al., 2020). All this recent
research exposes and highlights the involvement of the ARP2/3 complex and formins in
exocytosis and endocytosis events and signifies the need for further studies of actin nucleators.

Arabidopsis possesses ten actin isoforms, one ARP2/3 complex, and twenty-one formins. The
interaction between actin nucleators across various cell types and growth modes has long been
unclear. However, recent research has started to shed light on these interactions. I hope that my
dissertation thesis and the accompanying research papers will lead to a better understanding of
actin nucleation systems. In the next chapter, I will outline the aims of my dissertation thesis
and provide an overview of the publications included in my thesis. In the discussion section, I
will explore and analyse the interactions and networking of actin nucleators from multiple
perspectives.
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DISSERTATION AIMS

1) To determine the difference between the functions of plant actin nucleators ARP2/3
complex and formins in the plant cells.

2) To uncover the mechanism behind the morphological phenotypes of ARP2/3 complex
mutant plants.
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PUBLICATIONS AND MANUSCRIPT ATTACHED
TO THIS THESIS

This part of my thesis briefly describes 6 accepted publications about the ARP2/3
complex and/or the role of formins in plants and one unpublished manuscript about the
involvement of the ARP2/3 complex in Arabidopsis pollen tube growth. The first publication
listed is published under my maiden name: "Petra Schiebertova." I am the first author or shared-
first authorship of publications number 2, 4, and 7. Publications and the manuscript are added
at the end of the thesis.
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1. Arabidopsis FH1 Formin Affects Cotyledon Pavement Cell
Shape by Modulating Cytoskeleton Dynamics

Amparo Rosero, Denisa Oulehlova, Lenka Stillerova, Petra Schiebertova, Michal Grunt, Viktor
Zdrsky, Fatima Cvrckova

Plant and Cell Physiology 2016
doi.org/10.1093/pcp/pcv209

Short summary:

This research paper describes the interplay between actin and microtubules in plant cell shape
regulation and provides insights into the molecular mechanisms governing cell morphogenesis.
The research aims to elucidate the effects of formin FH1 mutations on cell morphogenesis,
specifically in cotyledon pavement cells, and how these mutations influence cytoskeletal
organisation and dynamics. fh/ plants exhibited cotyledon epinasty (downward curvature of the
leaf), their pavement cells were larger and had more pronounced lobes compared to wild-type
plants. /7] mutants showed a decreased density and increased stability of actin filament bundles.
Conversely, microtubules in these cells displayed enhanced dynamics, and the f2/ mutants and
wild-type plants responded differently to cytoskeletal drugs, particularly the microtubule
disruptor oryzalin. The study concludes that FH1 formin plays a critical role in modulating the
dynamics of both actin filaments and microtubules, which in turn affects the shape and
morphology of cotyledon pavement cells.

My contribution: / contributed to the pavement cell morphology measurements.
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2. Arabidopsis thaliana plants lacking the ARP2/3 complex
show defects in cell wall assembly and auxin distribution

Vaidurya Pratap Sahi, Petra Cifrova, Judith Garcia-Gonzalez, Innu Kotannal Baby, Gregory
Mouillé, Emilie Gineau, Karel Miiller, Frantisek BaluSka, Ales Soukup, Jan Petrasek, Katerina
Schwarzerova

Annals of Botany 2018
doi.org/10.1093/aob/mcx178
Short summary:

In plants, the actin cytoskeleton plays a significant role during the cell wall growth and
establishment, which is further essential for plant growth. This research utilised three
independent Arabidopsis thaliana mutant lines leading to non-functional ARP2/3 complex. The
mutants were analysed for various phenotypic changes throughout their development. Key
aspects of the study included organ size study, anatomy results, cell wall composition
measurements, and auxin distribution analysis. The lack of an ARP2/3 complex led to various
developmental abnormalities. These included defects in cotyledon pavement cell morphology
and adhesion, vascular bundle formation, and overall plant architecture. The defects suggested
a direct link between the ARP2/3 complex-regulated actin cytoskeleton and proper cell wall
assembly and function. In inflorescence stems, ARP2/3 mutants displayed significant
alterations in mature tissues cell wall composition mainly in pectin amount and in lignin
content. Furthermore, the distribution of auxin, a critical plant hormone regulating growth and
development, was disrupted in ARP2/3 complex subunits of mutant plants. This disruption was
evidenced by altered auxin gradients, which are essential for processes such as cell elongation
and differentiation. The study concluded that the ARP2/3 complex is involved in cell wall
building in Arabidopsis thaliana. The findings highlight the complex interplay between
cytoskeletal dynamics and cell wall synthesis, providing insights into the molecular
mechanisms underlying plant morphogenesis.

My contribution: / confirmed the ARP2/3 mutant plants by genotyping, performed cotyledons
and pavement cells morphology measurements, and analysed the distorted trichomes
phenotype. I analysed cell adhesion. I contributed to the stem and hypocotyl morphology and
cell wall measurements. I contributed to the experimental design and draft preparation.
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3. Arabidopsis Class 1 Formin FH1 Relocates Between
Membrane Compartments During Root Cell Ontogeny And
Associates With Plasmodesmata

Denisa Oulehlova, Eva Kollarova, Petra Cifrova, Premysl Pejchar, Viktor Zdrsk)}, Fatima

Cvrckova
Plant and Cell Physiology 2019

doi: 10.1093/pcp/pcz102

Short summary:

The Class I formin FHI1 in Arabidopsis thaliana is a membrane-associated actin nucleator
important for cytoskeletal dynamics and cell morphology. Our study investigated FHI1's
localization, dynamics, and functional roles during root cell development, particularly its
association with plasmodesmata. Using GFP-tagged FH1, confocal microscopy, and various
biochemical assays, we analysed FH1 localization and dynamics in different root cell types.
Furthermore, we described the overexpression phenotypes connected with the trihome shapes
of GFP-tagged FH1 plants. The interactions between FH1 and plasmodesmata were examined
through co-immunoprecipitation and colocalization studies. FH1 was found to relocate between
different membrane compartments during root cell ontogeny, showing dynamic changes in its
localization patterns. Mutations in FH1 led to altered actin filament organisation and disrupted
root cell growth. This study provides new insights into the connection of molecular mechanisms
underlying intercellular communication in plants and actin nucleation.

My contribution: [ contributed to the cotyledon pavement cells and trichomes morphology

measurements.

29


http://dx.doi.org/10.1093/pcp/pcz102

4. Division of Labor Between Two Actin Nucleators—the
Formin FH1 and the ARP2/3 Complex—in Arabidopsis
Epidermal Cell Morphogenesis

Petra Cifrova, Denisa Oulehlova, Eva Kollarova, Jan Martinek, Amparo Rosero, Viktor
Zarsky, Katerina Schwarzerova and Fatima Cvrckova

Frontiers in Plant Science 2020
doi.org/10.3389/fpls.2020.00148

Short summary:

The ARP2/3 complex and formins are the only two known actin nucleators in plants. This study
focused on the roles of the actin nucleators, the ARP2/3 complex, and formin FH1 in the
morphogenesis of Arabidopsis epidermal cells, particularly pavement cells and trichomes.
Mutants lacking FH1, ARPCS5, as well as double mutants were used. Phenotypic assessments,
cytoskeletal organisation studies using fluorescent markers, and quantification of cell shape
were analysed in these mutants. The study revealed that FH1 and the ARP2/3 complex have
some complementary and some parallel roles. FH1 predominantly influences microtubule
dynamics, while ARP2/3 affects actin organisation. This division of labour underscores the
complexity of cytoskeletal regulation in plant cell morphogenesis. In cotyledon pavement cells,
mutations in fh/ increased pavement cell lobing, while arpc5 mutations decreased pavement
cell lobing. Double mutants resemble arpc5 mutants, indicating ARPCS is epistatic over FHI
in cotyledons. In true leaf pavement cells, both single and double mutants showed increased cell
lobing and size, but to a lesser extent than in cotyledons, suggesting developmental stage-
specific roles of actin nucleators. Double mutants exhibited characteristics of both single
mutants. Our results showed that ARP2/3 complex and formin FHI1 play distinct yet
interconnected roles in Arabidopsis epidermal cell morphogenesis. Understanding these roles
provided another piece of insight into the intricate and complex mechanisms of plant cell shape
and function machinery and the role played by actin nucleators.

My contribution: I measured the morphology of cotyledon and leaf pavement cells and
analysed the trichome shape and branching in ARP2/3 complex and FHI mutants, and created
double mutants. I analysed the actin and microtubule cytoskeleton structure and dynamics and
established and performed cell adhesion analysis. I participated in the experimental design and
draft preparation.
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5. CRISPR-Cas9 Arabidopsis mutants of genes for ARPC1 and
ARPC3 subunits of ARP2/3 complex reveal differential roles
of complex subunits

Erica Bellinvia, Judith Garcia-Gonzalez, Petra Cifrova, Jan Martinek, Lenka Sikorova, Lenka

Havelkova and Katerina Schwarzerova
Scientific Reports 2022

doi.org/10.1038/s41598-022-22982-8

Short summary:

The ARP2/3 complex is composed of seven subunits, but the roles of individual subunits,
particularly ARPC1 and ARPC3, were not well understood. Our study investigated the specific
roles of the ARPC1 and ARPC3 subunits in Arabidopsis thaliana by generating CRISPR-Cas9
knockout mutants. We conducted phenotypic analyses of these mutants, including trichome
shape analysis, pavement cell shape assessment, and hypocotyl growth assays. We also
performed co-immunoprecipitation and confocal microscopy to investigate protein interactions
and subcellular localization. The experiments revealed that the loss of the ARPCI displayed
typical ARP2/3 mutant phenotypes, such as distorted trichomes and altered pavement cell
shapes. In contrast, arpc3 mutants did not exhibit trichome or pavement circularity defects, but
still showed mild cell adhesion problems. The study found that ARPC3 is not essential for actin
network formation in trichomes but is involved in the maintaining of proper cell adhesion
between the pavement cells. These differential results highlight the complexity of ARP2/3
functions and suggest that individual subunits contribute uniquely to the ARP2/3 complex's
overall role in actin cytoskeleton organisation.

My contribution: / analysed the trichome branch length and number in ARP2/3 complex
subunits mutants and rescue lines, cell adhesion of pavement cells of cotyledons and dark-
grown hypocotyls in ARP2/3 complex mutants and rescue lines using Ruthenium Red and |
measured dark-grown hypocotyl length. I participated in the experimental design and draft
preparation.
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6. ARP2/3 complex associates with peroxisomes to participate
in pexophagy in plants

Jan Martinek, Petra Cifrova, Stanislav Vosolsobe, Judith Garcia-Gonzalez, Katerina Malinska,
Zdenka Mauerova, Barbora Jelinkovad, Jana Krtkova, Lenka Sikorova, lan Leaves, Imogen
Sparkes & Katerina Schwarzerova

Nature Plants 2023

do.org/10.1038/s41477-023-01542-6

Short summary:

The ARP2/3 complex is essential for actin filament nucleation, which is important for numerous
cellular processes in plants, including morphogenesis and cell-to-cell adhesion. Despite
extensive research on ARP2/3 complex role in actin dynamics, its involvement in peroxisome-
associated functions in plants remained unexplored. The ARP2/3 complex subunits, tagged with
fluorescent proteins, formed motile dot-like structures in the cytoplasm, which were associating
with peroxisomes. These ARP2/3-positive peroxisomal domains colocalize with
autophagosomes. Furthermore, this colocalization increases under conditions that induce
autophagy. Additionally, co-immunoprecipitation with the ATG8f marker confirms the
interaction between peroxisome-associated ARP2/3 complex and autophagic machinery.
Moreover, mutants lacking functional ARP2/3 complex exhibit increased peroxisome numbers,
indicating the ARP2/3 complex role in peroxisome degradation through pexophagy. This study
suggests a novel function of ARP2/3 in maintaining peroxisome homeostasis via autophagy.

My contribution: / contributed to the peroxisome’s morphology and density analysis, I helped
with the experimental design and draft preparation.
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7. Pollen tube cell wall modification employs ARP2/3 complex-
dependent endocytosis

Jan Martinek, Petra Cifrova, Eva Kollarova, Klara Nicova, Judith Garcia Gonzalez, Katerina
Schwarzerova

Unpublished manuscript - attached at the end of my dissertation thesis.

Short summary:

Our study provides detailed evidence of ARP2/3 complex role in pollen tube tip growth. We
show that ARP2/3 complex and SCAR/WAVE complex mutants have shorter and thicker pollen
tubes with reduced clear zones compared to wild-type plants. Additional actin cytoskeleton
examination revealed increased actin density and bundling in these mutants. Furthermore, since
pectin distribution is delocalized in mutant pollen tube cell wall and endocytosis marker T-
PLATE shows reduced dynamics and accumulates at the plasma membrane of mutant pollen
tubes, we hypothesise that ARP2/3 complex aids endocytosis of pectin-modifying enzymes in
subapical region that is needed for cell wall domains formation in growing pollen tubes.

My contribution: / contributed to the seed and siliques analysis and administered pollen tube
and pollen grains shape, germination, growth and morphology experiments. I measured and
analysed the pollen tube actin cytoskeleton. I visualised the promoter-GUS activity of ARP2/3
complex subunits and contributed to the analysis of mutant pollen tube cell wall composition. I
was in control of the experimental design and draft preparation.

33



DISCUSSION

The actin nucleation is essential for the life of animal and yeast cells as the mutations of the
ARP2/3 complex or formins can have significant effects, ranging from severe developmental
defects to lethality, depending on the specific ARP2/3 complex subunit mutation or formin
members involved (Pollard, 2007) (Campellone & Welch, 2010). My PhD research focused on
elucidating the role of actin nucleation in plant cells. When a plant cell needs to nucleate or
branch actin filaments, it relies on the ARP2/3 complex and/or the formin family (see, e.g.,
Wang & Mao, 2019 and Yuan et al., 2023). While mutations in either or both of these actin
nucleation systems were expected to have severe consequences for plant cells, surprisingly,
plants were able to compensate, resulting in no major phenotypic effects (Cifrova et al., 2020).
This resilience, however, provides an opportunity: by carefully studying the small but
significant phenotypic changes that occur when the ARP2/3 complex and/or formins are
mutated, we can identify specific roles for these nucleators and further understand the distinct
functions of the actin filaments network.

The differences and similarities in functions of plant actin
nucleators

In order to study the functions, similarities and differences of actin nucleators, visualisation of
actin filaments is essential. A common approach to studying the dynamic nature of the actin
cytoskeleton is the fluorescence microscopy of actin, tagged by fluorescent markers. G-actin
directly fused with fluorescent protein does not function well as an actin marker in plant cells
(Liu et al., 2004), GFP-tagged actin-binding proteins are used instead, as an indirect marker of
the actin network in living plant cells. In our work, we mainly used GFP-tagged Actin Binding
Domain 2 of FIMBRIN1 (GFP-FABD2 marker) (Voigt et al., 2005) and the 17-amino acid
fragment of yeast ABP140 called “Lifeact” (Riedl et al., 2008). These two markers are the most
used ones in the plant actin cytoskeleton research field (Li et al., 2015). It is important to note
that the actin markers developed from ABPs can alter the structure and dynamics of the actin
network and thus introducing artefacts in the analysis and interpretation of results (see, e.g.,
Cvrckova & Oulehlova, 2017). As the used actin markers affect the actin cytoskeleton in
different ways, it is not possible to compare and discuss the results of two actin network
measurements, even when using the same mutants or the same growth conditions but using
different actin markers. This makes comparisons of the published results difficult or even
impossible, as different scientific teams tend to use different actin markers. In my opinion, the
development of a versatile actin cytoskeleton marker that is not exploiting ABPs and could be
used by the majority of teams working with the plant cytoskeleton would be highly beneficial
to the field. Additionally, it is important to realise that observing actin in different cell types
will give varying results, as each plant cell type regulates the actin network differently and
likely utilises actin nucleators in distinct ways. Therefore, comparisons between ARP2/3
complex-nucleated actin and form-nucleated actin should be conducted within the same cell
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types. Notably, observations should always focus on the same pool of the cytoskeletal network.
Finally, it is essential to differentiate between single filament dynamics analyses and
observations of the entire actin network structure within the cells, as these approaches can
produce very different results.

I would like to start by discussing the actin nucleators functions in the "semi-isolated" cells.
The study of "semi-isolated" cells of Arabidopsis thaliana, such as trichomes, pollen tubes or
root hairs, offers several important advantages, such as their distinct morphology, relatively
large size and high number. But most importantly, these cells provide a simplified and
accessible model for studying fundamental biological processes without the complexities and
relationships introduced by studying the neighbouring cells in tissues. As such, they are an
excellent model for studying the structure and dynamic of the cytoskeletal network. In my work
I analysed the cytoskeleton of pollen tubes and observed the cytoskeleton in trichomes. Altered
or so called “distorted” shape of trichomes observable on leaves and stems of plants lacking
ARP2/3 complex or SCAR/WAVE complex subunits has been known for decades (Hiilskamp
et al., 1994). The important observations and descriptions of distorted shape and actin and
microtubule cytoskeleton in trichomes were mainly conducted by Szymanski lab (Yanagisawa
et al., 2015). The paper by Yanagisawa (2015) focused on the interplay between the ARP2/3
complex, actin and microtubule cytoskeleton and its influence on cell wall properties and,
consequently, trichomes shape establishment. The work shows that the ARP2/3 complex seems
to generate actin meshworks at the trichome branch tip, which is crucial for maintaining cell
wall anisotropy and promoting tip-biassed diffuse growth. Similarly, in our research we showed
that overexpression of GFP-tagged FHI1 results also surprisingly in a distorted trichome
phenotype, while loss-of-function f2/ mutants exhibit an increase in the number of trichome
branches (Oulehlova et al., 2019). Nevertheless, we did not check the cell wall establishment
of GFP-tagged FH1 overexpression plants. Furthermore, with using a Lifeact actin marker, we
did not observe any significant abnormalities in actin microfilament organisation during early
trichome development in single arpc5 or fhl mutants (Cifrova et al., 2020). Additionally, the
distorted trichome phenotype in the fil/arpc5 double mutant suggests that arpc) is epistatic to
fhl and aligns with the ARP2/3 complex's role in controlling cell wall expansion necessary for
proper branch elongation (Cifrova et al.,, 2020) (Yanagisawa et al., 2015). The trichome
cytoskeleton dynamic and structure measurements of arp2/3/forminl double mutants are
missing, but the individual results indicate that booth actin nucleators influence cytoskeleton
and are important for trichome shape determination. Moreover, it is confirmed that both
nucleators are detectable in developing trichome branch tips in similar places (Yanagisawa et
al.,2015) (Oulehlova etal.,2019). It is also important to mention here that applying microtubule
(Buschmann et al. 2009) or actin drugs to a developing and growing trichome resulted in
trichome morphology comparable to that of ARP2/3 complex or overexpression of GFP-tagged
FH1 mutants (Mathur et al., 1999) (Szymanski et al., 1999). Therefore, as both actin nucleators
can both nucleate actin and bind microtubules, their effect on trichome shape can be at multiple
levels.
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Figure 4.: Visualisation of distorted trichome shapes in the arpc5 mutant first leaves

The 21 DAG cleared first leaves trichomes (methodology described at Cifrova et al., 2020).

The actin cytoskeleton structure in arpc5 mutant pollen tubes was visualised with the use of a
Lifeact actin marker and described in our attached manuscript (Martinek et al., 2024). We found
that arpc5 mutant plants have a significantly more bundled and denser actin network compared
to WT plants. This is the first actin cytoskeleton measurement of ARP2/3 complex mutants in
tip-growing cells. In contrast several formins are specifically expressed in pollen tubes (mainly
FORMIN 3 and FORMIN 5) and their cytoskeletal network structure is described, although
their loss rarely results in major cytoskeleton related phenotypes probably due to functional
redundancy. Nevertheless, from published results, it appears that when actin nucleation is
aborted in tip-growing pollen tube cells, it consistently results in increased actin cytoskeleton
bundling for both actin nucleators. The ARP2/3 complex and formin member double mutants’
relationship and interaction are not described in any of the tip growing cells yet. But the good
candidate for this experiment is one particular ARP2/3 complex subunit mutant - the ARPC3
subunit mutant. The plant ARP2/3 complex is unique as only exceptionally some of its subunits
are encoded by multiple genes. Therefore, when we remove a subunit from the ARP2/3
complex, the complex doesn't have a replacement and do not nucleate actin, the exception is
the ARPC3 subunit, as we showed in our studies (Bellinvia et al., 2022) (attached manuscript
in preparation - Martinek et al., 2024). ARPC3 mutation interestingly does not change the
trichomes or pavement cells morphology but is important for pollen tube growth. Maybe there
is a possibility that this subunit is needed to enhance or regulate ARP2/3 complex function in
fast and polarised tip growth. Nevertheless, the fh3/arpc3 or fh5/arpc3 double mutants could
be a right mutant combination to use to elucidate the actin nucleator's role in tip growing cells.
Finally, it is also important to realise that the ARP2/3 complex and formins interact during
pollen tube growth different sets of actin isovariants - generativ actin isovariants (ACT1, ACT3,
ACT4, ACT11,and ACT12) expressed in Arabidopsis pollen (Pawloski et al., 2006) compared
with actin isovariants in the rest of the Arabidopsis thaliana body. Maybe it can also play a role
in actin nucleation establishment and specific need of ARPC3 subunit of ARP2/3 complex.
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Meanwhile, to prove the ARPC3 subunit specific role in tip growth hypothesis, it could be
helpful to explore the root hairs growth of arpc3 mutants. Root hairs were in early days of plant
ARP2/3 complex research described as altered - “the root hair elongation is reduced, and root
hairs tend to be wavy” (Mathur et al., 2003) (Li et al., 2003). Nevertheless, there are no more
studies to continue with these research directions, except the localization studies of ARP2/3 and
SCAR/WAVE complexes subunits during the root hairs initiation phase (Chin et al., 2021).
However, in this work arpc3 subunit mutant was not used. The study of the actin nucleators
interplay in pollen tubes, roots and trichome shape establishment is in progress. In my opinion
root hair can be another great cell type to study actin nucleators interplay in. Concerning
formins role in root hair growth, overexpression of FORMIN 4 and FORMIN 8 resulted in an
initiation of ectopically growing root hair tips, and additionally, aberrant expression of AtFHS8
resulted in the inhibition of root hair elongation (Yi et al., 2005) (Deeks et al., 2005).
Furthermore, rice mutants defective in the OsFH1 have impaired root hair growth (Huang et
al., 2013). The study of the actin nucleators during root hairs growth deserves more space, as
we have only limited informations and as we can learn from previous experiments we can
design our experiments with emphasis on cell wall establishment and interaction of actin and
microtubule cytoskeleton.

In contrast to trichomes, pollen tubes and root hairs, the role of the cytoskeleton network in
puzzle-shaped cotyledon pavement cells is challenging to study as these interconnected cells
grow in a coordinated manner. In our experiments (Cifrova et al., 2020), we examined the
cytoskeleton structure and dynamics in cotyledon pavement cells of WT plants, ARP2/3
complex mutants (arpc’), and fhl mutant. The analysis of actin cytoskeleton visualised by
Lifeact marker in WT, fhl, arpc5 and fhl/arpc5 showed that both fhl and arpc5 mutations
increased actin network density. This is in line with findings in pollen tubes and trichomes,
where the absence of ARP2/3 also increased bundling. However, the effect of f2/ mutation
contrasts our previous findings in plants expressing the GFP-FABD actin marker, which
showed increased bundling and decreased density of microfilaments in f2/ mutants compared
to WT plants (Rosero et al., 2013) (Rosero et al., 2016). It is important to note observed changes
in actin organisation were very subtle, and notably, no additive effect of double fhl/arpc5
mutation was observed. Furthermore, we hypothesised that the fh//arpc5 mutants exhibit no
major growth or developmental defects due to the functional redundancy of the numerous
formin paralogs. In contrast to our results, the single filaments observations in actin epidermal
cells from the apical region of 5-day-old etiolated hypocotyls expressing GFP-FABD marker
showed the opposite results to our results (Cifrova et al., 2020) as the arp2 and arpc2 mutants
had reduced actin filament density and bundling (Xu et al., 2023). These differences could be
due to the use of a mutation in a different subunit of the ARP2/3 complex or in a different
studied tissue (dark-grown hypocotyl and light-grown cotyledon pavement cells) or in the use
of different actin markers. Indeed, Xu et al. hypothesised that the opposite results were probably
due to the different ARP2/3 subunit mutants used in these studies. But in my opinion, the
differences in actin structure measurements are rather due to the fact that both studies analysed
different actin structures. Our study focused on actin cytoskeleton array in whole pavement
cells and used classical confocal microscopy, while the study of Xu and his colleagues (Xu et
al., 2023) used TIRF microscopy and analysed single filament behaviour. Additionally, I would
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like to speculate that the the reason for rather minor actin network problems of ARP2/3 complex
subunits mutants could be due to the wrong place we were analysing the cytoskeleton in. Booth
studies observed and analysed the cytoskeleton near the outer periclinal cell wall, but the
problem with adhesions is observable between the cells - in anticlinal cell walls - there the
pectin chemistry governs pavement cell morphogenesis (Altartouri et al., 2019), and also
theBRK1::YFP and GFP::SCARI localize to the cell periphery (Dyachok et al., 2008). In the
next attempt to analyse the cytoskeleton in actin nucleator mutants in order to elucidate its role
in cell morphology establishment, we should look at the actin cytoskeleton adjacent to the
anticlinal cell walls. However, it is important to note that the necessary microscopy techniques
for successful cytoskeleton observation are limited. We cannot use TIRF microscopy, and
confocal microscopy is also mostly unsuitable for observing the dynamics of the anticlinal cell
wall adjacent cytoskeleton network.

What could be behind the forminl described pavement cells morphological problems (Rosero
etal.,2016) (Cifrova et al., 2020)? The classical model of pavement cell morphogenesis shows
that cell shape is determined by the localised loosening or stiffening of the cell wall, with turgor
as the driving force behind lobe formation (Bidhendi et al., 2019). In this model microtubules
orient the arrangement of cellulose microfibrils in the cell wall of necks to prevent expansion,
while actin is essential in growing lobes. We reported that in cotyledons, ARP2/3 complex
mutants have less lobed cells, and the forminl mutant has more lobed pavement cells. The
double mutant - arpc5/fhl has less lobed pavement cells, comparable with arpc5 mutant
(Cifrova et al., 2020). It is unlikely that forminl mutants have problems with cell wall pectins
comparable with ARP2/3 mutants since, as far as I know, there are no problems with the
primary cell wall composition or cell-to-cell adhesion in formin mutants. On the other hand,
class I formins localise to the cell plate, and application of the formin inhibitor SMIFH2 to
tobacco cell cultures disrupts cytokinesis. Moreover, members of the formin family localise to
plasmodesmata and also near fungal penetration sites in the formation of defensive callose
appositions. These are all places where the cell wall is rich in callose (Cvrckova et al., 2024).
Is it possible that formins play a general role in callose-related functions or pathways? Could it
be in some manner important for pavement cell shape determination? Also, the pavement shape
morphogenesis problems could be related to the organisation of actin and microtubules
connected with endocytosis and exocytosis processes (Cvr¢kova et al., 2024). However, for
formins, it has been recently postulated by professor Cvrc¢kova that they contribute to diffuse
cell expansion mainly through their effects on the actin and microtubule cytoskeleton, and the
observed changes in membrane trafficking may be secondary to changes in the cytoskeleton.
Furthermore, the reduced rate of hypocotyl elongation in developing young atfh/ mutant
seedlings has also been attributed to changes in actin organisation (Cui et al., 2023). In further
detail, it seems that microtubule but not actin perturbation differentially affects pavement cell
development in f2/ mutant plants (Rosero et al., 2016). This is not the case for the ARP2/3
complex, as its mutation does not affect the microtubule cytoskeleton as much as the FH1
mutation (Cifrova et al, 2020). It needs to be stressed here that formins were traditionally
recognized primarily as actin nucleators but now are being identified as versatile
multifunctional proteins with various roles (Cvrckova et al., 2024). Furthermore, leaving aside
their main function as actin nucleators, both the ARP2/3 complex and formins can bind to the
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microtubules (Havelkovéa et al., 2015), ( Li et al., 2010) (Zhang et al., 2011) (Rosero et al.,
2013) (Wang et al.,, 2013), and as functional interactions between actin filaments and
microtubules are described as important for driving intracellular transport and growth.
Therefore, we propose that the role of the ARP2/3 complex and formins in the plant cell extends
beyond their primary role as actin nucleators, and thus we should design our experiments and
wrap our hypotheses about their roles in plant cells accordingly.

An alternative method to study actin nucleators is to use the actin nucleator inhibitors CK666
and SMIFH2. However, suprisingly simultaneous treatments with CK-666 and SMIFH2 did
not lead to dramatic cytoskeletal changes (Xu et al., 2024). In my opinion this important result
shows that use of the actin nucleator inhibitors still needs to be discussed. Even though the
acute application of CK-666 to WT plants phenocopied the single filament actin defects
observed in ARP2/3 mutants (Xu et al., 2024), it seems suspicious that when added to the
medium or dropped on the plants, the CK-666 treatments do not cause distorted trichome
shapes, circularity problems or adhesion problems (unpublished results), which are hallmark
phenotypes of plants with non-functional ARP2/3 complex. Furthermore, some researches
about formin roles in plant cells built on pharmacological experiments utilising the broad-
spectrum formin inhibitor SMIFH2, however, in the animal cells field, is just now hypothesised
that it might affect additional targets in cells, including myosins (Innocenti, 2023). This was
tested in plant cells by (Xu et al., 2024) with use of myosin XI-K and it was not shown to be a
valid objection. But it was not tested for all other plant myosins. It also remains unclear whether
SMIFH2 can inhibit all 21 formin homologs of plant cells, as nobody tested that.

Finally, do the ARP2/3 complex and formins compete for a common pool of actin monomers,
and the loss of one of them favours the activity of the other or do they cooperate? Do they
colocalized within the plant cells? The formin and arp2/3 mutant plants showed measurable
perturbations in actin network structure in diverse cell types, nevertheless, the measurements
are usually just for one actin nucleator and with use of different actin markers. However in our
work, we found that ARP2/3 complex and FORMINI mutations in cotyledon pavement cells
influenced the actin network structure in the same way - similarly increased actin network
density (Cifrova et al., 2020). In contrast to these observations, the dynamic of single actin
filaments measured for both nucleation systems just recently (Xu et al., 2023) showed opposite
results - the actin network occupancy was lower, but was lower again similarly for both actin
nucleators. This discrepancy in results between whole cell actin network measurements and
single filament measurements needs to be further discussed. Nevertheless, interestingly the use
of CK-666 and SMIFH?2 inhibitors together in medium also made the actin cytoskeleton denser
(Xu et al., 2023). These findings suggest that mutations in both actin nucleators have a similar
impact on the actin cytoskeleton, indicating that they do not compete with each other, which
implies a collaborative rather than competitive relationship. Subsequently (Xu et al., 2023)
showed that the plant formins can also contribute to the nucleation of side-branched filaments,
which suggests that actin nucleators can partially share their roles. Moreover, both nucleators
are found around plasmodesmata (Van Gestel et al., 2003) (Baluska & Hlavacka, 2005)
(Martiniere et al., 2011) (Oulehlovd et al., 2019), and influence vacuole biogenesis
(Schiebertova 2013) (Semerak 2016) (Garcia-Gonzalez et al. 2020. They are also similarly
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localised in the tips of growing trichomes (Yanagisawa et al., 2015), (Oulehlova et al., 2019).
Additionally, mutation of the ARP2/3 complex and SCAR/WAVE complex inhibit
autophagosome biogenesis (Martinek et al. 2023) and although the involvement of formins in
autophagosome biogenesis is not described in plant cells, it is described in opisthokonts (Huett
et al. 2009), (Anhezini et al. 2012). To wrap it up, although the ARP2/3 complex and the
formins nucleate actin differently and at different rates, create different fractions of the actin
network, and are governed by different activation, both actin nucleators can be found at some
common sites in the cells where they can meet and cooperate.

The ARP2/3 complex and formins are vital for animal and yeast
cells, but not for plant cells.

Are there other actin nucleators in plants besides the ARP2/3 complex and the formins?
Do plant cells need actin nucleators at all?

There has been discussion about the distribution of functions between the ARP2/3 complex and
formins in animal and yeast cells for some time now (Pollard, 2007) (Campellone & Welch,
2010) (Breitsprecher and Goode 2013) (Rotty et al. 2013) (Pollard 2016). In animal cells,
similarly to the plant cells, the ARP2/3 complex is specialised in creating branched actin
networks, and formins are specialised in forming unbranched actin filaments. In animal and
yeast cells, the ARP2/3 complex branched actin networks are crucial for maintain cell shape,
adhesion, generating pushing forces, vesicle trafficking, cytokinesis, endocytosis, autophagy,
apoptosis, chromatin dynamics, DNA repair and are involved in maintaining cell polarity (May,
2001) (Goley et al., 2010) (Campellone et al., 2023). On the other hand, the 15 members on
animal formin family play a crucial role during cell division, cell shape maintenance, polarity,
intracellular transport, endocytosis, response to environmental stresses and in animal cells in
tissue morphogenesis (Campellone & Welch, 2010) (Akram et al., 2020) (X. Liu et al., 2022).
In summary, the distinct yet complementary roles of the ARP2/3 complex and formins and their
interplay enable animal and yeast cells to dynamically and precisely regulate their actin
cytoskeleton. For example, the ARP2/3 complex depletion in fibroblasts leads to increased
formin expression and filopodia formation and reduces migration directionality (Dimchev et
al., 2021). Furthermore, ARP2/3 and formins balance actin nucleation during cytokinesis in C.
elegans, with ARP2/3 regulating formin activity (Chan et al., 2019). In conclusion, results with
yeast as well as mammalian cells, reveal a more likely competition relationship between the
ARP2/3 complex and formin as they need simultaneously reach for a limited pool of actin
monomers. Therefore, when the ARP2/3 complex is inhibited, formin-mediated long filament
bundles dominate.

In contrast, results from three recently published papers about ARP2/3 complex and formins

relationship in plant cells showed that the mutations in both actin nucleators is not lethal and
differ from animal and yeast cells (Cifrova et al., 2020) (Qin et al., 2021) (Xu et al., 2023).
Since ARP2/3 complex subunits mutations are not essentially life-threatening to the plants (see

40


https://paperpile.com/c/j6M4tI/a9ON
https://paperpile.com/c/j6M4tI/w4FZ
https://paperpile.com/c/j6M4tI/FZ2h
https://paperpile.com/c/j6M4tI/FZ2h
https://paperpile.com/c/j6M4tI/l9dA
https://paperpile.com/c/j6M4tI/l9dA
https://paperpile.com/c/j6M4tI/l9dA
https://paperpile.com/c/j6M4tI/KWfN
https://paperpile.com/c/j6M4tI/KWfN
https://paperpile.com/c/j6M4tI/fLIo
https://paperpile.com/c/j6M4tI/eo2o
https://paperpile.com/c/j6M4tI/eo2o
https://paperpile.com/c/j6M4tI/oMQW
https://paperpile.com/c/j6M4tI/DRit
https://paperpile.com/c/j6M4tI/j9xf
https://paperpile.com/c/j6M4tI/x3oM
https://paperpile.com/c/j6M4tI/x3oM
https://paperpile.com/c/j6M4tI/jLfB
https://paperpile.com/c/j6M4tI/Pfoh
https://paperpile.com/c/j6M4tI/eo2o
https://paperpile.com/c/j6M4tI/Q3T7
https://paperpile.com/c/j6M4tI/RcnB
https://paperpile.com/c/j6M4tI/2kXS
https://paperpile.com/c/j6M4tI/2kXS
https://paperpile.com/c/j6M4tI/0jtA
https://paperpile.com/c/j6M4tI/m8Qy
https://paperpile.com/c/j6M4tI/F1zN
https://paperpile.com/c/j6M4tI/uBjl

figure 5.), it is possible that the plants started to use the ARP2/3 complex for specific functions
and either do not need the branched actin network in principle, or are making the branched actin
in other ways, maybe with help of formins (Xu et al., 2023). Thus, it is possible that the
expanded formin family with extended functions beyond action nucleation has members that
provide most of the necessary actin nucleation, branching, bundling and other actin network
remodelling. Moreover, individual formin genes may substitute for each other and because no
one has analysed multiple formin mutants or other mutant combination with ARP2/3 complex
besides AtFHI, we cannot confirm or refute this. SMIFH2 cannot provide the answer, as no
one has ever proven that SMIFH2 can inhibit all formins. Moreover, plant stochastic actin
dynamics differ from animal actin network behaviour. It is possible that due to the severing and
elongation ability and nature of plant actin network, de novo nucleation is not that crucial for
plant cells. It is also possible that arp2/3 complex subunit and forminl double mutant plants can
efficiently form a sufficient actin network with help of other actin binding proteins that could
regulate the amount of actin filaments loose ends and events at them. Finally, it is possible, to
safely say that we are not able to observe significant part of the actin cytoskeleton in plants as
we mainly have actin markers that are based on proteins that bind polymerized actin, so we may
not see important part of dynamic events associated with short actin filament made by few
actins monomers. Additionally, results from single actin filament measurements suggest that
plants may be hiding from us a completely different system of actin nucleation compared to
animal cells (Xu et al., 2023). Simultaneous inhibition of ARP2/3 complex and FORMIN1
increased actin filament nucleation in plant cells, suggesting a unique actin regulation
mechanism. Furthermore, it was found that the triple inhibition of ARP2/3 complex, formins,
and PROFILIN 1 also resulted in an increased total and de novo nucleation frequency, which
suggested that a change in the free actin monomer concentration or the function of PROFILIN
1 is not the cause of the increased de novo nucleation when both actin nucleators are inhibited.
In this light, we can also discuss the possible discovery of new or already known but
insufficiently described actin-binding proteins that can nucleate actin filaments, at least in some
amount. But more likely, we can hypothesise that for plants, actin nucleators are not essential.
Is it possible that plants can grow and live without any actin nucleators at all? Can we
hypothesise that plants use ARP2/3 complex and formins to enhance, improve or support
specialised and challenging processes such as endocytosis, autophagy, pollen tube growth, or
morphology establishment? To answer these questions, we need to knock out all members of
the formin family and learn new, more detailed ways of looking at the whole actin cytoskeleton
network in plant cells.
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Figure 5.: Comparison of Arabidopsis thaliana WT and arp3 mutant plants vitality

Taken together, the results suggest that the regulatory mechanisms for actin filament nucleation
in plant cells may be unique, revealing a failsafe system that largely preserves actin filament
abundance and dynamics even when both nucleators are, to a large extent, inactivated. The
situation is opposite in animal and yeast cells. Nevertheless, we can study this unique actin
nucleation system in plants and discover what lies behind the ARP2/3 complex and formins
family plant-specific roles.

Actin nucleators cooperate during pathogen-plant interactions

The ARP2/3 complex and formins are also involved in defence mechanisms during pathogen-
plant interactions, which is not a surprise as the actin cytoskeleton rearrangements are among
the first responses to pathogens (LeontovyCova et al., 2020). Plants with defective ARP2/3
complex subunits are described as exhibiting increased susceptibility to pathogens due to
compromised signal transduction, defected actin cytoskeleton rearrangements and impaired
cellular defence mechanisms (Qi et al. 2017) (Badet et al. 2019) (Sun et al. 2019) (Qin et al.
2021). On the other hand, Arabidopsis FORMIN 6 is localised at the plasmalemma of
nematode-induced giant cells, but its loss did not change the response to the parasite, which
could possibly be due to functional overlap among formins (Favery et al., 2004) (Ma et al.,
2021). The FORMIN 4 accumulates at mobile endomembrane compartments adjacent to sites
of fungal invasion (Sassmann et al., 2018). Finally, FORMIN 1 and FORMIN 2 are shown to
be involved in the defence papilla formation against powdery mildew invasion and surprisingly
by cooperating with the ARP2/3 complex (Qin et al., 2021). It was shown that simultaneous
knockdown of ARP3 and FORMIN 1 abolished actin patch formation, profoundly impaired cell
wall deposition, and promoted powdery mildew entry into host cells. These results show for the
first time direct evidence of the ARP2/3 complex and formins cooperation during pathogen-
plant interaction (Qin et al., 2021). Nevertheless, I would like to stress that even though the
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involvement of ARP2/3 in pathogen attack sensing and immune response has been discussed
there from several angles, the published papers have never linked problems in the ultrastructure
of the cell wall and cell-cell adhesion problems of ARP2/3 complex mutants, in the immune
response. I consider that to be an important missing set of experiments. The issues connecting
distorted trichome shape and ARP2/3 complex mutants immunity problems are also not
discussed, even though the trichomes of Arabidopsis produce glucosinolates, which play a
pivotal role in defence against herbivores, bacteria and fungi (Zhang et al. 2018). Furthermore,
trichomes act as mechanosensory cells that mount an effective immune response against both
biotrophic and necrotrophic pathogens (Matsumura et al. 2022). The question is: could the
distorted trichomes of ARP2/3 complex mutants still serve as mechanosensory cells or
effectively produce glucosinolates? The interplay of actin nucleators during pathogen-plant
Iinteractions is a new and open area of research. Many questions remain to be answered.

What could be behind the morphological and adhesion phenotypes
of ARP2/3 complex mutant plants?

Why is the spatial and temporal organisation of cell wall microdomain remodelling by the
ARP2/3 complex important?

Directed and controlled growth of the plant cell wall, and consequently the cells themselves,
leads to the formation and stabilisation of plant cell shapes, a process known as cell
morphogenesis. Plant cell growth is irreversible due to the static structure of the cell wall
(reviewed in Gorelova et al., 2021). In contrast, the cytoskeleton is a highly dynamic network
that responds almost immediately to various changes and signals within the plant cells and is
under constant remodelling (see, e.g., X. Wang & Mao, 2019 and Yuan et al., 2023). From the
perspective of the cell wall, growth occurs in regions where pectin, the most abundant
component of the primary cell wall, is being modified (Wolf & Greiner, 2012) (Cosgrove, 2014)
(Peaucelle et al., 2015). From the perspective of the plasma membrane, these regions require
targeted, dynamic, and precise endocytosis and exocytosis of cell wall components, enzymes,
and other proteins. Lastly, from the standpoint of the actin cytoskeleton. Growth regions are
where the actin network must polymerize and depolymerize accurately to facilitate targeted
exocytosis and endocytosis and enables organelles responsible for the synthesis or degradation
of cell wall components to participate effectively (Guo & Yang, 2020). Furthemore, in diffusely
growing cells, multiple regions of the cell wall grow simultaneously, necessitating coordinated
growth both at the whole-cell level and within the specific cell wall microdomains that are
expanding. Nevertheless, understanding the growth machinery in apically growing cells is
simpler as it is clear which part of the cell wall is growing (Guo & Yang, 2020). This clarity is
one reason we have currently focused on cell elongation and pollen tube growth in our ARP2/3
complex research (manuscript in preparation, Martinek et al., 2024). Furthermore, there are no
available markers to identify the growing microdomains of diffusely growing pavement cell
walls. Additionally, there are no distinct formations of the actin cytoskeleton adjacent to these
growth sites (Armour et al., 2015). Consequently, we cannot easily identify or predict which
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cell wall microdomains are growing, and there is no clear connection between the actin
cytoskeleton structure and the cell wall growth pattern.

In our work, we tried to uncover the connection between the ARP2/3 complex influencing the
actin cytoskeleton, cell wall, and subsequent cell morphology establishment. The connection
between the ARP2/3 complex and the cell wall has been already discussed in several studies
(Dyachok et al., 2008) (Yanagisawa et al., 2015) (Sahi et al., 2018), (attached manuscript in
preparation - Martinek et al., 2024). Our research suggested a hypothesis that the morphological
and adhesion defects observed in ARP2/3 complex mutants likely result from the failure to
precisely and in right time control cell wall modifications in specific areas, such as cell corners,
edges, and vertices rather than changes in the overall cell wall composition. This deduction is
supported by our biochemical analysis of cell walls in dark-grown hypocotyls, which exhibit
severe adhesion problems without any detectable changes in cell wall composition (Fig 6.) (Sahi
et al., 2018), and our observation of pollen tube cells pectins, which are present in the pollen
tube cell wall but are delocalized (attached manuscript in preparation - Martinek et al., 2024).
Subsequently we realised, that not the ARP2/3 complex subunits themself, but the activation
subunits SCAR1 and BRK1 of ARP2/3 activation complex localise to the specific cell periphery
areas of plant cells (Dyachok et al., 2008), which are likely to undergo a modification of pectins
connected to growth and morphogenesis. SCAR1 and BRK1 and NAP1 subunits seems to
localises to the submembrane regions of the cell wall currently undergoing growth or
remodelling such as usually at three cell junctions in the growing lobes and near the stomata
aperture (Dyachok et al., 2008) (Qin et al., 2021), on the branch tip of growing trichomes
(Yanagisawa et al., 2015) or in polarised localizations in root hairs during its initiation phase
(Chin et al., 2021). Notably, when the plant cells stop the growth (trichomes maturation), the
GFP signal disappears (Yanagisawa et al., 2015). Therefore, we suggest that the localisation
pattern of SCAR1 and BRK1 and NAP1 subunits makes it an ideal marker for plant cell wall
rearrangements and growth monitoring.

44


https://paperpile.com/c/j6M4tI/lHPo
https://paperpile.com/c/j6M4tI/a9ON
https://paperpile.com/c/j6M4tI/kMIg
https://paperpile.com/c/j6M4tI/kMIg
https://paperpile.com/c/j6M4tI/kMIg
https://paperpile.com/c/j6M4tI/lHPo
https://paperpile.com/c/j6M4tI/F1zN
https://paperpile.com/c/j6M4tI/a9ON
https://paperpile.com/c/j6M4tI/tFA73
https://paperpile.com/c/j6M4tI/jIuy+wGDa+a9ON+lhGQ

|
Figure 6.: Dark growth hypocotyl adhesion defects

The 7DAG dark grown hypocotyl adhesion defects of arpc5 mutant visualised by Ruthenium
Red dye treatment (methodology described at Bellinvia et al., 2022).

Additionally, we realised, that the connection between the impaired pectin localization and
ARP2/3 complex could be due to impaired endocytosis as is shown by Qin with his team (2021)
and in our work — (attached manuscript in preparation - Martinek et al., 2024). The impaired
endocytosis in ARP2/3 complex mutants can explain many of the described phenotypes of
ARP2/3 complex mutants, such as impaired cell morphogenesis and adhesion, but the ARP2/3
complex has also been shown to play a role in autophagy (Wang et al., 2016) (Wang and Mao,
2019) (Wang et al., 2020) (Martinek et al., 2023). Nevertheless, although endocytosis and
autophagy are two rather separate processes, they share several underlying mechanisms and use
similar molecular components (Kim et al., 2020) (Dragwidge and van Damme, 2020) (Kraus et
al., 2024). One link between endocytosis and autophagy is membrane remodelling. Therefore
we hypothesise that cooperating on membrane remodelling is the specific purpose of ARP2/3
complex-mediated nucleation of the actin cytoskeleton and could contribute to the formation of
both autophagosomes and endocytic vesicles from source membranes like it is already
described for yeast and animal cells (see, e.g., Boulant et al., 2011 and Campellone et al., 2023).

Moreover, I also like to speculate that there can be another possible role of ARP2/3 complex in
membrane remodelling which leads to the specialised cell wall microdomain reorganisation and
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subsequently plant cell growth. In recent years, another pathway of communication between
organelles and the plasma membrane has come to the forefront of interest for cell biologists.:
the membrane contacts sites (MCS). It means that membrane-bound structures are
interconnected through membrane contact sites, forming an integrated and physically connected
network (Eisenberg-Bord et al., 2016) (Pérez-Sancho et al., 2016). Additionally, the membrane
contact sites are defined by two membranes with close proximity (< 30 nm) but without fusion
(Wang et al., 2023). Finally, the actin cytoskeleton, together with ER-actin bridging proteins
and myosin motors, is shown to be the primary force behind ER remodelling (Pain et al., 2023).
But although the role of actin-binding proteins in the MCS network is undeniable, the research
of proteins that mediate direct interaction between the actin cytoskeleton, ER, PM, and cell wall
is at the beginning. However, as the ER-PM contact sites regulate endocytosis as well as
autophagy in plants (see, e.g., Wang et al., 2023), there is a possibility that the ARP2/3 complex
may play a role in membrane contact site establishment or maintenance. Moreover the
AtEHs/Panl-regulate autophagosomes associate with ER-PM contact sites, and in the same
time has the ability to recruit the actin and ARP2/3 complex proteins to autophagosomes upon
induction of autophagy (Wang et al., 2023). Exploring this topic and its interconnections is
promising for future research, and as the exact pathway of pectin transport to the cell wall is
still unknown, the role of membrane contact sites in transporting pectin or pectin-related
enzymes to the cell wall seems to me like an intriguing possibility.

In summary, as the ARP2/3 complex partially mediates autophagy and endocytosis, we
formulated a hypothesis that the ARP2/3 complex plays a role in targeted membrane
remodelling, as it is important for both processes. We concluded that specifically and locally
generated actin networks nucleated by ARP2/3 complex are necessary for membrane
remodelling of cell wall pectin-based microdomains which are important for plant cells' shape
establishment and for cell adhesion.

What is the role of ARP2/3 complex in cell-to-cell adhesion maintenance? It is known that the
pectin component of cell walls plays an indispensable role not only in the cell’s growth but
mainly in the cell-to-cell adhesion. To stay connected, plant cells need to constantly remodel
their cell wall and pectin lamella composition during their development. However, the exact
pathway of how pectin is delivered to the cell wall is still not understood. The site of pectin
biosynthesis is the Golgi apparatus from which pectins are thought to be delivered to the cell
surface by vesicles that bud from the medial or trans-Golgi cisternae and are transported to the
cell surface by either active transport or diffusion; this pathway may also be used by pectin-
modifying enzymes. Nevertheless, a robust characterization of the entire exocytic and endocytic
machinery responsible for the transport of pectins has not yet been performed (see Daher and
Braybrook 2015 and Baba and Verger 2024).

The disturbed pavement cells adhesion of ARP2/3 complex mutants have been known for more
than two decades (see, e.g., Mathur, 2005). The exact reason for these changes remains to be
elucidated although the nature of ARP2/3 complex connection to the cell adhesion is currently
being discussed (Du et al., 2022). It was shown that changes in pectin structure precede other
changes in the cell cortex and cell wall, including cortical microtubule reorientation and
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realignment of cellulose deposition in the Arabidopsis hypocotyls (Peaucelle et al., 2015).
Interestingly, Verger with colleagues (2016) showed that cell adhesion is not directly linked
with pectin amount in the cell walls but is rather associated with an altered pectin state (its
esterification and de-esterification) related signalling and therefore enzymes related changes of
pectins in the cell walls are important to maintain cell adhesion. Additionally it is interesting
that pectin biosynthesis maintained by the Golgi apparatus and Golgi transport in hypocotyl
cells can be accurately predicted from the actin network topology alone, which suggests a close
relationship between actin and Golgi apparatus (Breuer et al.,, 2017) (Li et al., 2022).
Furthermore, it is known that the distorted trichomes phenotype of ARP2/3 mutants is caused
by abnormal deposition of the cell wall material connected with reduced directionality of the
Golgi cisternae (Yanagisawa et al., 2015). Finally, it is shown that Latrunculin B-mediated
depolymerization of actin negatively impacts the uptake of pectins and other polysaccharide
components essential for cell wall formation (Baluska et al., 2002) (Sampathkumar et al., 2013),
which further supports the importance of actin in the pectin maintenance pathway. All this
information leads us to the hypothesis that the actin network, and specially the actin network
subpopulation nucleated by the ARP2/3 complex, is directly involved in the pectin/pectin
enzymes delivery pathway to the cell wall. But, in our research, we surprisingly did not
biochemically detect any changes in cell wall composition or pectin amount in ARP2/3 complex
mutants dark-grown hypocotyl cell walls (Sahi et al., 2018). We also found out that neither
actin-depolymerizing drugs Latrunculin B and Cytochalasin D nor myosin inhibitor BDM
interfered with Arabidopsis seedling's hypocotyls or cotyledons pavement cells adhesion.
Similarly, no effect in cell adhesion was observed after treatment with either the microtubule-
stabilising drug Taxol or the microtubule-depolymerizing drug Oryzalin (unpublished results).
Therefore, we hypothesised that ARP2/3 complex mutant-related adhesion problems could be
caused not by the changes in the absolute amount of pectin or other cell wall components in the
plant tissues but rather by altered localization of pectin or pectin-modifying enzymes to proper
places in the cell walls - to the cell wall microdomains. The cell wall microdomains are in
literature defined by local differences in cell wall composition. It is shown that spatially and
temporally well-organised remodelling of the cell-wall microdomain controls many
developmental processes and can define cell expansion and cell morphology as is pollen tube
tip growth, as well as epidermal pavement cells shaping and guard cell openings. All the places
which need the involvement of pectin-modifying enzymes to fine-tune the loosening/softening
versus stiffening properties of pectins within cell wall microdomains (Dauphin et al., 2022).
These described places are similar to the places where the ARP2/3 complex activators are
published to be localised (Dyachok et al., 2008).

Finally, we noticed that when cotyledon pavement cell adhesion is disrupted, and pavement
cells tear apart, the last places where they remain connected are places where they are connected
to neighbouring cells via plasmodesmata (unpublished results). The places around
plasmodesmata in the cell wall can be also seen as cell wall microdomains with unique cell wall
composition enriched in callose and pectic polysaccharides and with the reduction in cellulose
content. Pectin with a low degree of esterification is preferentially localised in the areas of the
pit fields/plasmodesmata (Knox and Benitez-Alfonso 2014). It could be interesting to analyse
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the plasmodesmata distribution, architecture or function in ARP2/3 complex mutants, as it can
explain the role of plasmodesmata in cell-to-cell adhesion which was never addressed before.

In our published research, we also addressed a question that has not yet been investigated - the
ARP2/3 complex mutants secondary cell walls analysis. We demonstrated that 6-week-old
stems of ARP2/3 complex mutants contained less cellulose, less lignin, and a higher amount of
homogalacturonan, which is the most abundant pectin subtype in plant cell walls (Sahi et al.,
2018). I would like to hypothesise here that the reason why the stems of ARP2/3 complex
mutants contain less lignin could be connected with the amount or state of pectin in younger
plant tissues. Because when transitioning to secondary cell wall formation, the pectins are
largely replaced by lignins, and lignins then take over the role of keeping the cells attached
(Atakhani et al., 2022). This shows that the problems with primary cell wall composition of
ARP2/3 complex mutants can be and are transmitted to rather complex problems in secondary
cell wall compositions. These results also can point out that the ARP2/3 complex is needed for
rather specialised and mainly precisely localised changes in the cell wall architecture.

Future questions

In research, good, focused, and thoughtful questions are as important as the answers. I would
like to summarise my results and literature review into five main questions that can be the
starting point for future actin nucleators research.

1. Is it possible to distinguish between the overall functions of the actin cytoskeleton
network itself and the functions of subsequent actin filaments nucleated by ARP2/3
complex or formins?

2. Do formins also help to build and maintain the plant cell wall? Maybe in
connection with plasmodesmata?

3. What is ARP2/3 complex exact role in membrane remodelling, and how does this
influence the cell wall changes? Why the roots of ARP2/3 complex and
SCAR/WAVE complex mutants do not show adhesion defects?

4. Neither the ARP2/3 complex nor the SCAR/WAVE complex subunits have a
transmembrane domain, how is their association with membranes achieved and
regulated?

5. Do plants need actin nucleators to survive and grow at all?
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CONCLUSION

The actin filament network is a crucial and dynamic structure in plant cells, playing a vital role
in plant development, cell growth, morphogenesis, and responses to environmental stimuli. Due
to its numerous functions, it is essential to study the actin-binding proteins that maintain the
actin network's organisation and activity. Two well-studied actin-binding proteins are the actin
nucleators ARP2/3 complex and formins. During my doctoral research, I participated in
research and summarised in publications the individual roles of the ARP2/3 complex (Pratap
Sahi et al., 2018) and formins (Rosero et al., 2016) as well as their interplay in plant cells
(Cifrova et al., 2020). I engaged in studies of localizations of the ARP2/3 complex (Martinek
etal., 2023) and AtFHI in plant cells (Oulehlova et al., 2019) which helped to better understand
their roles. Finally, I was involved in studies of the role of the ARP2/3 complex in apical and
diffuse growth of plant cells, discovering that the ARPC3 subunit is not essential for diffuse
growth in epidermal cells (Bellinvia et al., 2022) but it is needed for elongation of apically
growing pollen tubes (attached manuscript in preparation - Martinek et al., 2024).

Over the past four years, three key publications have explored the relationship between the
ARP2/3 complex and formins. The research independently described double mutant plants in
both actin nucleators and use of actin nucleator inhibitor treatments by CK666 and SMIFH?2.
The first publication about ARP2/3 complex and formins interplay was written by our
laboratory. We found that the ARP2/3 complex and formins have complementary roles in
cotyledon pavement cell morphology and act in parallel in other cell types and developmental
stages (Cifrova et al., 2020). On the level of single actin filaments observation (Xu et al., 2023)
showed that these nucleators cooperate to maintain the homeostatic cortical arrangement of
epidermal cells, while (Qin et al., 2021) demonstrated their cooperative role in Arabidopsis’
resistance to fungal invasion. The obtained data showed that the actin nucleation in plant cells
appears to be unique. In plants, actin nucleators, the ARP2/3 complex, and formins are likely
to cooperate rather than compete, and their mutations are not lethal. In contrast, studies in yeast
and mammalian cells show that the ARP2/3 complex and formins often compete with each
other, and mutations in these actin nucleators are typically lethal. We concluded that plants
possibly use a failsafe system that largely preserves actin filament abundance and dynamics
even when both nucleators are, to a large extent, inactivated.

Furthermore, after almost ten years of research in our laboratory, our understanding of the
ARP2/3 complex has shifted from describing seemingly random problems with cell growth and
shape to uncovering the overall unifying purpose of the actin filaments nucleated by the ARP2/3
complex. We concluded that the characteristic morphological phenotypes of ARP2/3 complex
subunit mutants likely underlie changes in the formation and maintenance of pectin-based cell
wall microdomains. To link cell wall microdomain maintenance with the knowledge that the
ARP2/3 complex partially mediates autophagy and endocytosis, we further hypothesised that
the ARP2/3 complex plays a partial role in membrane remodelling, as it is essential for both
processes. In addition, a similar role of the ARP2/3 complex in membrane remodelling has
already been described for animal cells and yeast (see, e.g., Chakrabarti et al., 2021 and
Campellone et al., 2023). In conclusion, the functional ARP2/3 complex is not essential for the
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life of plant cells, as its mutation causes only minor growth and morphology problems, but on
the other hand, the functional ARP2/3 complex has an indispensable role associated with
specialised membrane and cell wall remodelling, ensuring that the cells stay together during
plant growth and can respond properly to stimuli by adjusting the composition of their cell wall.

Looking ahead, I anticipate many more discoveries about the interactions and roles of plant
actin nucleators, the ARP2/3 complex, and formins. I am particularly interested in the ARP2/3
complex's role in cell-to-cell adhesion and its connection with the cell wall microdomains
biochemistry. Additionally, I wonder if formin-mediated actin nucleation impacts cell wall
establishment. Finally, I believe that patience is a crucial skill for scientists, and maintaining a
positive attitude while waiting is essential for achieving research goals. I can't wait to learn
more about actin nucleation in the future and to boldly go where no one has gone before.
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