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Aims of the bachelor thesis

Theoretical part

In theoretical part | summarize the existing knowledge regarding the
physiological functions of strigolactones in plants, structure and functional role of
microtubules and actin filaments as components of plant cytoskeleton and their
regulation by different classes of phytohormones.

Experimental part

The aim of the thesis is to study the role of strigolactones in the regulation of
organization of cortical microtubules and actin filaments in light-exposed and etiolated
Arabidopsis seedlings. The first goal is the phenotypic analysis of strigolactone effects
on hypocotyl growth inhibition of Arabidopsis Col-0 and max2-1 mutant and to
address how strigolactone effects are modulated by the illumination conditions during
seedling growth. The second goal is to study microtubule organization in epidermal
hypocotyl cells of Col-0 and max2-1 seedlings stably expressing the MAP4-GFP and
TUAG-GFP microtubule markers using confocal laser scanning microscopy (CLSM).
The third goal is the characterization of the organization (occupancy and skewness) of
F-actin in hypocotyl epidermal cells of light-exposed and etiolated Arabidopsis lines
transformed with the Lifeact-GFP and fABD2-GFP actin markers using spinning disk

microscopy.



1. INTRODUCTION

Phytohormones affect a lot of various aspects in plant morphogenesis. Such plant
hormones as auxins, cytokinins, gibberellins, ethylene, abscisic, jasmonic and
salicylic acids regulate plant growth, cell division, nutrients storage and other crucial
processes as well as the defense strategies against pathogens and multiple abiotic
stress environmental factors. Strigolactones as a novel class of phytohormones were
discovered more than a decade ago as trace compounds just promoting parasitic plants
germination, and until nowerdays the clarification of their role in plant devevopment
requires jointed efforts of plant physiologists, cell, molecular biologists, biochemists
and other specialists (Cheng et al., 2013). One of the important strigolactones®
functions in higher plants is the stimulation of symbiotic interactions with arbuscular
mycorrhizal fungi and the increase of the shoot branching (Waters et al., 2017). This
discovery attracted an attention of private entrepreneurs such as Elon Mask to the
investment into the future ,,space farming®, since it is supposed that strigolactone
hyperproducers would be able to thrive in the low-nutrient soil despite the
microgravity conditions. The challenge of the sustainable cultivation of productive
crops in situ under controlled conditions during long-term human space expeditions
in the future would gain special attention of plant biologists. Hence, the understanding
of the precise cellular mechanisms of the regulation of plant morphogenesis by
strigolactones might allow to manipulate this process using genetic engineering and
biotechnology instruments for the agriculture of the future. My thesis is focused on
microtubules and actin filaments — the key components of plant cytoskeleton, a
dynamic organelle with a plethora of fundamental functions such as cell motility,
division, growth, polarity, microcompartmentalization, scaffolding and many others.
Despite the effects of the ,,classical® phytohormones on the organization of cortical
microtubules are known for years in details, regarding strigolactones the gap exists.

This thesis is dedicated to light-dependent remodeling of plant cytoskeleton in
epidermal hypocotyls cells of model plant Arabidopsis thaliana. It is noteworthy that
during the preparation of my thesis, I studied also the effects of GR24 and T1S108 on
mitotic indices (whole-mounts and tubulin immunolabeling), cell division planes
shifting (FM 4-64 staining) and EdU incorporation into the cells of primary roots,

what are supposed to be continued in my further research.



2. CURRENT STATE OF THE TOPIC

2.1 Strigolactones as a novel class of plant hormones

Strigolactones (SL) are recently found carotenoid-derived plant hormones and
rhizosphere signaling molecules from the group of terpenoid lactones (Zwanenburg and
Pospisil, 2013; Koltai, 2014). Initially, SL were discovered in the course of exogenous
allelochemical responses as germination stimulants of the root parasitic weeds
(witchweeds (Striga spp.), broomrapes (Orobanche and Phelipanche spp.) and the hemi-
parasitic Alectra spp. (Gomez-Roldan et al., 2008).

2.1.1. Physiological functions of strigolactones in higher plants

In general, the endogenous physiological effects of SL on the aboveground plant part
include the regression of plant height and hypocotyl length (Stirnberg et al., 2002;
de Saint Germain et al., 2013) as well as auxin-mediated regulation of shoot branching
(Kapulnik et al., 2011; Shinohara et al., 2013). SL increase of cotyledon expansion in
dark-grown wild-type seedlings (Stirnberg et al., 2002; Tsuchiya et al., 2010), suppress
the preformed axillary bud outgrowth (Gomez-Roldan et al., 2008; Umehara et al., 2008;
Domagalska et al., 2011) and negatively regulate cell division in rice mesocotyls during
germination and growth in darkness (Hu et al., 2010). Moreover, SL promote secondary
growth and cell divisions in the cambium, stimulate leaf senescence (Agusti et al., 2011;
Koltai, 2014), control leaf blade size, petiole elongation, branching angle and stem
diameter (Smith and Waters, 2012; Bennett et al., 2016).

Under standard growth conditions (16 h/8 h light/dark cycle, 22/18°C), Arabidopsis
thaliana max4-5 mutants exhibited increased shoot branching, narrower branching angle,
shorter height, reduced stem diameter and delayed leaf senescence as compared to WT of
ecotype Columbia (Bennett et al., 2016). Recent studies suggest SL in low concentrations
inhibit hypocotyl elongation in light-dependent manner. Assessment of SL effects on
Arabidopsis WT and max2 mutants showed that GR24, a synthetic SL, applied at
concentrations below 10 pM, caused inhibition of hypocotyl growth on light rather than
darkness, while max2 mutants were nearly unresponsive to GR24 both on light and
darkness (Jia et al., 2014). Furthermore, GR24 acts synergistically with auxins in the



processes of tuber formation and axillary stolon buds outgrowth, as well as in the
promotion of the above-ground shoot branching in potato (Roumeliotis et al., 2012).

Recent studies showed that SL are also implicated in root development, since they
inhibit lateral root formation (Kapulnik et al., 2011; Ruyter-Spira et al., 2011), negatively
regulate adventitious root formation (Rasmussen et al., 2012), and stimulate primary root
growth (Ruyter-Spira et al., 2011; 2013; Koren et al., 2013). Moreover, SL promote
meristem cell number in the primary root in a MAX2-dependent manner (Koren et al.,
2013; Ruyter-Spira et al., 2013), and mediate the phosphate- and nitrate-deficiency-
induced root development and auxin transport in rice (Sun et al., 2014). Endogenous
uptake of different synthetic SL analogues caused root hair elongation in WT and max3,
max4 SL deficient mutants of Arabidopsis, but it did not affect SL-unresponsive mutant
max2 (Kapulnik et al., 2011; Cohen et al., 2013). Apart from SL, the stimulation of root
hair elongation is also mediated by ethylene and auxin (Kapulnik et al., 2011). In
Arabidopsis, SL act to regulate the perception and the subsequent plant response to low
phosphorus conditions (Kumar et al., 2015). SL also favour hyphal branching of
arbuscular mycorrhizal fungi (Akiyama et al., 2005), promote nodulation in the legume-
rhizobium symbiosis (Soto et al., 2010), and enhance plant resistance to drought, salt,
osmotic stresses and low phosphate and nitrate content (Yoneyama et al., 2007; Foo et
al.,, 2013; Ha et al., 2014). Finally, SL promote seed maturation and potentiate
germination (Tsuchiya et al., 2010).

2.1.2. Variety of natural and synthetic strigolactones

Conventionally, SL usually have a butanolide ring (D-ring) connected to tricyclic
lactone (ABC-rings) via an enol-ether bridge (Figure 1) (Lumba et al., 2017).




Figure 1. Chemical structure of strigolactones (SL). The chemical structures of naturally
occurring SL can be divided into two families, the orobanchol (A) (R=H, 4-deoxyorabanchol; R
= OH, orobanchol; R= OAc, orobanchol acetate) and strigol (B) (R=H, 5-deoxystrigol; R = OH,
strigol; R = OAc, strigol acetate) basing on the stereochemistry around the BC (Lumba et al.,
2017).

More than 20 naturally occurring SL were identified in root exudates present classified
on the basis of the ABC ring stereochemistry. These SL are present at extremely low
amounts and they include for example strigol in maize (Zea mays L.) and proso millet
(Panicum miliaceum L.) as Striga host (Siame et al., 1993), sorgolactone in Sorghum
bicolor L. Moench hosting S. asiatica and S. hermonthica (Hauck et al., 1992), and
orobanchol in red clover (Trifolium pretense L.) hosting Orobanche minor (Yokata et al.,
1998).

Apart from the naturally occurring SL species, synthetic ones have been also produced.
One such is the generic SL analogue rac-GR24 (Johnson et al., 1981) comprising of two
enantiomers (D14-perceived GR24+ and non-specific KAI2-recepted GR24-) is widely
used artificial SL (Zwannenberg et al., 2013; Supplementary 1: Structure of synthetic SL
analogue GR24 and inhibitor TIS108). More specific is the cis-GR24 consisting only of
D14-perceived GR24+ (Zwannenberg et al., 2013). In this context, some SL-related
phenotypes have been linked to specific stereoisoforms of rac-GR24 or specific receptors,
although these observations were not absolute (Scaffidi et al., 2014; Conn et al., 2015;
Lopez-Raez et al., 2017). Moreover, the number of synthetic SL is steadily increasing:
CISA-1 (cyano-isoindole SL analogue) (Rasmussen et al., 2013), strigolactams (Lachia
et al., 2015), nitro-phenlactones (Jia et al., 2016), series of carlactone-based compounds
(Jamil et al., 2018, 2019) and MP16 (methyl phenlactonoate 16; Jamil et al., 2020).

2.1.3. Strigolactone biosynthesis and its inhibitors

In planta, SL are synthesized in plastids via carotenoid pathway starting from
3-carotene as a substrate for carotenoid-cleavage dioxygenase (CCD) enzymes (Saeed et
al., 2017; Figure 2).
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Figure 2. Strigolactone biosynthesis pathway (adapted from Claassens and Hills, 2018;
Yoneyama, 2020).

CCDs form carbonyl compounds, so called apocarotenoids by specific cleavage of
double bonds in carotenoids. The first step involves the conversion of all-trans-3-carotene
via the enzymatic function of 9-cis--carotene isomerase ATD27 in Arabidopsis and its
ortholog in rice DWARF27 (D27; Waters et al., 2017). Onwards 9-cis-B-carotene is
converted to carlactone by CCD7 and CCD8 (max2 and max3 mutants in Arabidopsis
respectively; Saeed et al., 2017). CCD8 thereafter catalyzes the conversion not only to
carlactone, but also hydroxy-carlactones (Yoneyama, 2020). The chemical formula of
carlactone does not contain B ring and its structure includes only the A, C rings and
enol-ether bond. This intermediated compound causes inhibition of shoot branching in



Arabidopsis and rice SL deficient mutants in addition it stimulates seed germination in
holoparasitic plant Striga hermonthica (Abe et al., 2014; Seto et al., 2014). The next step
is to oxidase carlactone to carlactonic acid (CLA) for a final conversion into mature SL
(Brewer et al., 2016). An important enzyme of SL biosynthetic pathway is lateral
branching oxidoreductase (LBO), which oxidase methyl carlactonoate to hydroxymethyl
carlactonoate (1'-HO-MeCLA). After 1'-HO-MeCLA is converted by unknown enzymes
to unknown intermediates on the way to mature SL (Yoneyama, 2020).

The carotenoid dioxygenases MORE AXILLARY GROWTH3 (MAXS3; AtCCD7),
MAX4 (AtCCD8) and the cytochrome P450 MAX1 (AtCyp711A1) were used to generate
SL biosynthesis mutants (Turnbull et al., 2002; Sorefan et al., 2003; Booker et al., 2004,
2005; Auldridge et al., 2006). In turn, triazole- type inhibitors TIS108 (6-phenoxy-1-
phenyl-2-(1H-1,2,4-triazol-1-yl) hexan-1) (Supplementary 2) and T1S13 (2,2-dimethyl-
7-phenoxy-4(1H-1,2,4-triazol-1-yl)heptan-3-ol) targeted to cytochrome P450 enzyme
have various physiological effects in Arabidopsis plants (Ito et al., 2013). Besides of
inhibition of P450 monooxygenase, TIS13 inhibits the production of epi-5DS
(5-Deoxystrigol), which is one of the stereoisomers of major naturally occurring SL in
rice (Akiyama et al., 2010). Moreover, tebuconazole fungicide could be potential SL
inhibitor, since it targets cytochrome P450 in fungi (Ito et al., 2013). Based on the
transcriptome data, TIS108 might have some potential target sites at Cytochrome P450
and NADPH-cytochrome (Bao et al., 2017).

2.1.4. Strigolactones signaling and mutants

Like some other plant growth regulators such as jasmonate and gibberellins, the SL
signaling machinery is involving proteosomal degradation, however, full pathway is not
determined yet. SL are perceived via a specific receptor system that consists of several
proteins including DWARF14 (D14) o/B-fold and F-box proteins designated
MAX2/D3/RMS4, which are linked to a Skp, Cullin, F-box (SCF)-containing complex
(reviewed by Kumar et al., 2015; Figure 3).
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Figure 3. Hypothetical model of SL signaling. Binding of SL (yellow) to D14 o/B-fold proteins
cause a conformational change (dotted yellow line) that permits tight interaction of D14 (blue)
and D53 chaperonin-like proteins (green) independently of MAX2 class F-box proteins (orange)
(Bennett and Leyser, 2014).

One of the main components of SL signaling is D14 (DWARF14) o/B-hydrolase
protein derived from rice, and its Arabidopsis analogue At(14), petunia DAD2 and pea
RMSA4. In Arabidopsis, D14 interacts with the F-box and Leu-rich repeats protein MAX2
(MORE AXILLARY BRANCHING 2), and is probably acting either in SL signal
perception or transduction via an ubiquitin-mediated degradation of target proteins
(Ruyter-Spira et al., 2013; Bennett and Leyser, 2014; Lopez-Raez et al., 2017).
MAX2 activity can be found in a broad spectrum of tissues (Stirnberg et al., 2007).
Recent research in rice shows that the targets of D14-MAX2 tandem are members of the
SMXL (SUPPRESSOR OF MAX2 1-LIKE) protein family (Soundappan et al., 2015).
Minor deletion of 5 amino acids in SMLX family — DWARF53 (D53) (in Arabidopsis
SMXL6,7,8) causes in SL-resistant plants with an increased branching phenotype. Inturn,
D53 is degraded in the presence of GR24 and this causes suppression of the dwarf and
branched phenotypes. Hence, D53 proteins are targets for SL acting like a negative
regulator of SL response (Zhou et al., 2013).



Additionally, SL signaling can be supported and overlap with the pathways of smoke-
derived germination stimulants called karrikinns (KAI2) (Stanga et al., 2013). Karrikinns
are the close family to D14/MAX2 involved in similar SL signaling pathways being
negatively regulated by SMAX1 (SUPPRESSOR OF MORE AXILLARY GROWTH2 1
(Stanga et al., 2013). Several studies have started to address the effects of SL in cellular
processes, including actin organization and dynamics (Pandya-Kumar et al., 2015); the
distribution and membrane recycling of the PIN1 auxin efflux carrier of xylem
parenchyma cells (Crawford et al., 2010; Shinohara et al., 2013); and the function of other
proteins (Li et al., 2014).

2.2. Cytoskeleton components and their functions in higher plant cells

The plant cytoskeleton comprises of a widespread complement of filamentous
structures designated as microtubules (MT) and actin filaments (AF). Cytoskeleton
coordinates such a plethora of biological processes in plants as cell division, cell wall
deposition, organelle/vesicle trafficking, cell motility and cell shape maintenance,
protection against mechanical stresses and many other (Wasteneys, 2002; Wickstead and
Gull, 2011).

MT defines cell growth polarity by the positioning of the multiprotein cellulose
synthase complexes at the plasma membrane determining the site of primary cell wall
biosynthesis (Paradez et al., 2006; Griffiths et al., 2015), driving cell divisions by the
subsequent switch of preprophase bands, mitotic spindles and phragmoplasts and defining
the cell division planes (Martinez et al., 2017). In turn, actin cytoskeleton is involved into
multiple processes in plant cell such as development, establishment and support of cell
polarity, transduction and perception of extra- and intracellular signals including such
mechanical stimuli as pathogen penetration due to its dynamicity and rearrangement
(Hardham et al., 2008). Plant cell development and various functions are strongly affected
by interaction between actin cytoskeleton and endomembrane system (Hussey et al.,
2006; Sampathkumar et al., 2013). AF are involved in cell plate formation during
cytokinesis and the separation of new daughter cells after the successful segregation of
chromosomes into the daughter nuclei (Valster et al., 1997), modulation of stomatal
opening in guard cells (Hwang et al., 1997), adjusting cell-to-cell plasmodesmata
connections (Aaziz et al., 2001), transduction of gravitropic stimuli in root cells (Braun

et al., 2004), “cytoplasmatic streaming” (Schmidt et al., 2007), tip growth of pollen tubes
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and root hairs (Schoenaers et al., 2017), regulation of vacuole structure and it’s dynamics
(Feeney et al., 2013). AF also participate in the response of plant cell to abiotic factors,
because they are essential for chloroplast translocation under high light conditions
(Suetsugu and Wada, 2012), modulation of amyloplast movement and gravitropic signal
transduction (Palmieri and Kiss, 2005), control of protoplast volume during the
plasmolytic cycle (Komis et al., 2002), regulation of guard cell volume and the activity
of ion channels in the plasma membrane (Hwang and Lee, 2001), selective plant response
to electrical fields (Berghofer et al., 2009), and triggering of programmed cell death in
pollen tube (Wilkins et al., 2014). These integrated signaling networks undergo structural
changes in plant responses to the internal and external cues and play a role of switch of
stress tolerance/resistance to various abiotic (photoperiod, mechanical stimuli,
temperature changes, etc.) (Nick, 2013) and biotic (infection with viral, bacterial, or
fungal pathogens) stresses (Schmelzer, 2002; Takemoto and Hardham, 2004; Kobayashi
and Kobayashi, 2007).

2.2.1. Microtubule structure and dynamics

A microtubule is formed by 13 linear protofilaments consisting of head-to-tail
assembled o/B-tubulin heterodimers forming homotypic lateral interactions (Nogales,
2015). Commonly multicellular eukaryotic organisms have several a- and - tubulin
isoforms. For instance, Arabidopsis genome has 6 highly similar a- and 9 B-tubulin genes
variable at C-terminal end (Kopczak et al., 1992). To form a heterotubulin dimer in
Arabidopsis, a- and B-tubulins are required to be co-translated with large chaperone
complex from PILZ protein family (Szymanski, 2002). In prokaryotic cells a- and B-
tubulin are components of cell division machinery. Thus, procaryotic tubulin homologue
FtsZ comprises cytokinetic ring in bacteria and archaea, and TubZ and RepX are
important for plasmid division (Chaaban and Brouhard, 2017).

The diversity of the o/p-tubulin complement is further increased via the set of post-
translational modifications (PTMs) constituting the so-called tubulin code (Blume at el.,
1997; Smertenko et al., 1997; Hammond et al., 2008; Cai 2010; Janke and Magiera,
2020). For instance, plant a-tubulin undergoes reversible tyrosination (Smertenko et al.
1997), tyrosine nitration (Blume et al., 2013), phosphorylation of serine/treonine (Blume
et al., 2008) and tyrosine residues (Blume et al., 2010), acetylation (Smertenko et al.,
1997), and also polyglutamylation (Cai 2010), methylation (Wloga et al. 2017), while
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Btubulin can be phosphorylated (Blume et al., 2010) and polyglutamylated (Smertenko
et al. 1997), as well as nitrated on tyrosine residues (Blume et al., 2013). Tubulin
C-terminal end undergoes PTM as cleavage by subtilisin, glutamylation and glycylation
of both a- and B-tubulin tails (Wloga et al., 2017).

The diversity of o/p-tubulins at both the transcriptional and the post-translational level
has implication in the MT architecture (e.g., Raff et al., 1997) and the MT longevity
(reviewed in Janke and Magiera, 2020). MT show elaborate intracellular organization and
dynamic behavior which are supported and modulated by diverse accessory proteins
associated with them called MT associated proteins (MAPs) (Hussey, 2009). For
example, kinesins as one of motor MAPs interact with MT at tracks to transport cargo
proteins, and MAP65 are involved in the regulation of MT organization due to their
bundling (Krtkova et al., 2016). Domains including y-tubulin ring complex (y-TuC),
binding/severing/destabilizing proteins adjust cytoskeleton organization and dynamics
(Hamada 2007; Horio and Murata 2014; Elliot and Shaw 2018).

In turn, regulation of actin components is largely associated with the huge variety of
actin-binding proteins (ABPs) along with bundling proteins, nucleation/ severing factors
and barbed-end capping proteins (Blanchoin et al., 2010; Li et al., 2015).

In higher plants during interphase MT are largely concentrated in a cell cortex, while
in dividing cells MT are forming appropriate mitotic and cytokinetic arrays (Figure 4).

A B C

Figure 4. Mitotic and interphase arrays of MT in different stages of plant cell cycle: (A-E) 3D-
models (Wasteneys 2002); (F-G) confocal microscopy images. (A) preprophase band; (B)
metaphase mitotic spindle; (C) phragmoplast; (D) cytokinetic phragmoplast; (E) interphase
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cortical MT; (F) preprophase band in WT in Arabidopsis hypocotyl cells of expressing GFP-MBD
(Azimzadeh et al., 2008); (G) metaphase mitotic spindle visualized with MAP65-4 in
meristematic cells of Arabidopsis (Li et al., 2017). (H) phragmoplast in root tip cells of WT
(Azimzadeh et al., 2008). (I) cytokinetic phragmoplast in Arabidopsis root meristem cells
immunostained with anti-tubulin antibody (green) and DAPI-stained nuclei (blue) (Smertenko et
al., 2018). (J) interphase cortical MT in WT Arabidopsis hypocotyl cells of expressing GFP-MBD
(Wasteneys 2002; Azimzadeh et al., 2008). Scale bars: (F) 50 um; (G,1) 5um; (H, J) 10 um.

Mitotic array performs reorganization of cytoplasmatic MT to mitotic spindle,
originating with the formation of a pro-spindle and finishing with the metaphase plate
(Masoud et al., 2013).

Cortical arrays comprise of individual or bundled MT at the vicinity of the plasma
membrane. Their organization is responsive to extrinsic cues and underlies the
directionality of cell growth by supporting and guiding the deposition of cellulose
microfibrils in the overlying cell wall (Lee and Liu, 2019). As such cortical MT may be

randomly distributed during isotropic cell growth, but may assume highly biased

configurations, when a preferential growth pattern is induced (Figure 5).
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Figure 5. Different arrays of cortical MT in cells of Arabidopsis thaliana visualized by an
overexpression of different microtubule-binding domains. (A) trichomes, MAP4-GFP; (B)
stomata and pavement cells of leaf epidermis, GFP-AtMPB2C; (B) epidermal cells of cotyledons,
GFP-TUAG; (C) epidermal cells of elongation zone of primary roots, GFP-TUAG; (E) lateral cells
of root cap, MAP4-GFP (Ruggenthaler et al., 2020). Scale bars: (A-D) 40 pm; (C) 10 um; (E)

5 um.

MT originate at specific cell sites due to the nucleation process, what involves the
rate-limiting formation of a nucleation seed consisting of a few tubulin molecules, which
template the further recruitment of af-tubulin dimers during MT elongation (Job et al.,
2003). Although nucleation may occur spontaneously at permissive concentrations of
aftubulin dimers, in cells it is facilitated by a third member of the tubulin family, called
y-tubulin (Desai and Mitchison, 1997). The latter forms ring structures termed y-tubulin
ring complexes (y-TURCs), which are accumulated at cellular sites of MT emergence
(Desai and Mitchison, 1997).

Both a- and B-tubulins have GTPase activity, hence the ap-tubulin dimer contains two
GTP-binding sites. The GTP-binding site of a-tubulin is considered to be
non'exchangeable, and is persistently occupied by GTP, while the GTP-binding site of
B-tubulin is potentially exchangeable after stimulation of the GTPase activity of B-tubulin
that stochastically occurs during dynamic excursions of the MT. Owing to the inherent
polarity of the af-tubulin dimer and the head-to-tail fashion of dimer self-associations,
the MT itself, is also polarized and exhibits two structurally and functionally different
ends. The so-called plus-end which exposes B-tubulin moieties at its tip and the so called
minus-end which exposes a-tubulin moieties. As will be seen immediately after, the
plus'end is the MT site mostly responsible for MT length fluctuations, while the minus-
end is the one associated with y-TURCs and exhibits minimal or no dynamic behavior at
all (Desai and Mitchison, 1997).

There are two conceptually different dynamic behaviors of MT, namely dynamic
instability and treadmilling which either occur individually, or may be combined as it is
frequently observed in plant systems (Shaw et al., 2003). Dynamic instability is a
mechanism of stochastic alterations between growth and shrinkage that exclusively
occurs at the MT plus end. During growth, GTP-bound af-tubulin dimers associate at the
tip at almost linear rates and promote MT elongation. When for unknown reasons,

GTPase activity of the exposed B-tubulin moieties is stimulated, GTP is exchanged for
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GDP and the MT starts to rapidly shrink. Shrinkage may continue until the MT is
completely depolymerized or may be halted by the addition of GTP-bound ap-tubulin
dimer and the resumption of MT elongation. The stochastic transition from
polymerization to depolymerization is called catastrophe while the opposite process is
called rescue (Mitchison and Kirschner, 1984; Brouhard and Rice, 2019). During the
process of dynamic instability, the minus-end stays indifferent.

On the other hand, treadmilling is a mechanism of MT dynamics involving both MT
ends. In the case of treadmilling, tubulin subunits are perpetually lost from the minus end,
while other subunits are incorporated at the plus end at roughly the same rate.

MT dynamics is regulated by range of proteins. For instance, orthologues of end-
binding-1 protein (EB1) in Arabidopsis contributing into MT network organization and
bundling (Molines et al., 2018). Moreover, cytoplasmic linker-associated proteins
(CLASPs) belonging to MAPs family regulates specific groups of MT, promote mitotic
spindle formation and stability and input into MT growth in kinetochores and spindle
midzone (Al-Bassam et al., 2010). Furthermore, in Arabidopsis SPIRALL proteins are
involved in the regulation of cortical MT organization during anisotropic cell growth
(Nakajima et al., 2006).

Numerous intracellular stimuli and (a)biotic environmental factors induce dynamic
adaptive rearrangement of the cytoskeleton (Baluska et al., 2003; Chilley et al., 2006).
The orientation of MT and AF along the shoot/root main axis (transverse, oblique,
longitudinal, randomized) and their organization (bundled, relaxed, loose, stabilized,
fragmented, depolymerized) vary during cell division, elongation, and differentiation.
Tissue “growth status,” developmental stage, and progress in stress responses are

mirrored in MT orientation (Duckett and Lloyd, 1994).

2.2.2. Actin filaments structure and dynamics

Actin filaments comprise of an ubiquitous and evolutionarily conserved protein named
actin. Actins consist of three families namely a-, B- and y- in eukaryotes and bear
significant homology with prokaryotic ancestor proteins such as MreB (Schmidt et al.,
2007). In cells, actin is distributed between a soluble pool of monomers (G-or globular
actin) and a polymer pool consisting of double intertwined filamentous actin chains
(Factin) as well as many actin-binding proteins for polymerization and severing (profilin,

ADF/cofilin, AIP1, CAP, capping protein, CP, formin, villin/gelsolin, a-actinin, fimbrin,

13



talin, vinculin, etc.) has been implicated in the establishment and maintenance of cell
polarity, providing tracks for the movement of assorted cellular organelles, and responses
to numerous environmental stimuli (Drobak et al., 2004). Two parallel F-actin strands
form microfilaments — higher order structures, which are packed into actin cables, which

supposed to be main tracks for organelle intracellular transport (Schmidt et al., 2007)

(Figure 6).
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Figure 6. Scheme of actin remodeling in plant cell (Porter and Day 2015).

The nucleation — the multi-step process of AF assambly — is affected by several
factors, comprising presence of AF ends, the size of the cellular pool of G-actin
monomers, the nucleotide-loaded state of the G-actin monomers and expression of
actin-associated proteins (Hussey et al., 2006). The process of nucleation is regulated by
multiprotein complex considered as the actin-related 2/3 (Arp2/3) complex (Campellone
and Welch, 2010). Additional proteins required for actin nucleation include formin
(Chesarone et al., 2010), capping protein (Huang et al., 2003) and gelsolin (Silacci et al.,
2004). As nucleation initiation F-actin starts to maturate through filament elongation,
that’s requires the addition of #T°G-actin to the plus end of newly nucleated actin-trimmer

or to already separated F-actin strand. After the filament becomes mature, ATP hydrolisis,
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connected with the actin depolymerzing factor (ADF) proteins, leads to the
depolymerization of the filament at the pointed APPF-actin end. This process is known as
“treadmilling” and it results remodeling of actin under control of amount and direction of
F-actin formation (Abeyaratne et al., 2020).

Actin filament network is dynamic structure as a part of cytoskeleton, which performs
numerous functions. AF ungergo structural rearrangments in response to inner and outer
signals. AF are involved in maintance of cell polarity, organelle traffiking and react to
multiple environmental signals (Drobak et al., 2004). Actin network reorganize in
response to various abiotic factors like high and low temperature, drought, salt and
alkiline stresses (Zhou et al., 2010; Plohovska et al., 2016). It is significant during for the
chloroplast movement under higher levels of light (Suetsugu et al., 2010; Suetsugu and
Wada, 2012), control of amyloplast alterations and gravitropic signal transduction
(Palmieri and Kiss, 2005), adjustment of stomata and the activity of ion channels in
plasma membrane (Hawng and Lee, 2001), and induce apoptosis (Thomas et al., 2006;
Blume et al., 2017). AF play major role in responses to biotic stress triggered by
pathogens (Lu and Day, 2017).

AF’s orientation, bundling and density can be evaluated by measuring parameters like
mean angular difference, skewness and GFP signal, where skewness is a measure of the
degree of asymmetry of a distribution and GFP signal occupancy, which is an indicator
of the proportion of pixel numbers constituting the skeletonized MFs of the total pixel
numbers constituting the cell region (Higaki et al., 2010).

Actin has a connection with nuclear membrane connection, since SUN
(SAD1/UNC84) protein complex is localized in the inner nuclear membrane and interacts
with KASH (Klarsicht/Anc/Syne-1 homology) protein (C-tail-anchored membrane
proteins, which are targeted specifically to the outer membrane of the nuclear envelope
domains at the outer membrane, which associate with actin cytoskeleton (Graumann et
al., 2014). Formins are proteins that regulates actin dynamics by functioning at the
“barbed end” of the actin filament (Blanchoin and Staiger, 2010).

Moreover, actin cytoskeleton is closely interacting with endoplasmic reticulum (ER),
(Sparkes et al., 2011) and Golgi apparatus due to close association of Golgi bodies with
ER surface (Sparkes et al., 2009). Recent studies demonstrate that ER seems to be one of
the storages of Scar/Wave driving actin polymerization that underlies protrusion of the
front of the cell and thus drives migration and the APR2/3 (Actin-Related Proteins)
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signaling complexes (Zhang et al., 2013), whose activation promotes AF polymerization
and branching.

2.2.3. Regulation of cytoskeleton by phytohormones

Plant hormones are frequently related to cellular events requiring cytoskeletal
remodeling. In this context, plant hormones modulate MT and AF
orientation/organization, dynamic properties, expression of genes encoding different
tubulin/actin isotypes, and their post-translational modifications (Blume et al., 2017).

As other organelles cytoskeleton is affected by different types of phytohormones. For
instance, auxins enhance number of cells with transverse MT organization essential for
root growth and differentiation (Baluska et al., 1996; Takesue and Shibaoka, 1999),
playing the major role in cortical MT reorientation (Takesue and Shibaoka, 1999),
depolymerization (Blancaflor et al., 1995) or reassembly (Baluska et al., 1996). Auxins
causes dissociation of actin bundles into individual filaments (Wang and Nick, 1998) and
reduce the length of elongation zone in primary roots of Arabidopsis via enhanced
formation of actin budles (Rahman et al., 2007). Next, cytokinins causes increasing of
cytosolic Ca?* amount due to its release from the intracellular storage sites that may result
in the increased tension of transvacuolar microfilament network (Grabski and Schindler
1996). Moreover, cytoskeleton is participant in plant symbiotic interactions such as
formation of arbuscular mycorrhiza and nodulation, which requires high levels of
cytokinins (Murray et al., 2011).

Abscisic acid (ABA) increases MT stability during low temperature stress (Nick,
2008). MT depolymerization provides higher amount of stable MT after ABA treatment,
which results declaration of plant development on the first steps of cold acclimation. After
cold acclimation plant MT polymerization increase, providing more dynamic unstable
MT (Timofeeva et al, 2000). ABA affects stomatal movement through reorganization of
microfilaments in the cell from radial to randomized and fragmentated. Rapidly after
ABA treatment in stomatal cells occurs microfilament decomposition, leading to their
closure and effect progresses with time (Eun et al., 2001). Ethylene treatment provided
longitudinal or oblique orientation of MT (Roberts et al, 1985).

Jasmonic acid (JA) and its derivate methyl jasmonate (MeJA) are essential
components for plant’s responses to stresses caused by ozonation, injuries enhanced

contact with UV light and protection again patogens (Schmidt and Panstruga, 2007; Janda
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et al., 2014). The pathogen invasion into plant cell produce signal to enhance JA
synthesis, which affects cytoskeleton reorganization to create barrier against infection by
activation of callose synthesis (Hardham et al., 2007; Blume et al., 2017).

Salicylic acid (SA) and its derivate methyl salicylate (MeSA) maintain vital role as
signaling molecules during heat, cold, ozonation, biotic and ROS stresses. Damage of
actin cytoskeleton trigger SA to induce expression of PR (PATHOGENESIS-RELATED)

proteins as a response to pathogen invasion (Matouskova et al., 2014; Blume et al., 2017).

2.3. Strigolactones and cytoskeleton

SL and ethylene share common signaling pathways in the control of root hair
formation, where ethylene is epistatic to SL, whereas the effect of SL on root hair
elongation requires ethylene synthesis (Kapulnik et al., 2011). Moreover, SL are probably
regulators of auxin flux, since they can repress bud outgrowth locally and/or indirectly
by affecting PIN-mediated polar auxin transport in the primary root provascular tissue
(Koltai, 2014). Treatment with the synthetic strigolactone GR24 resulted in the reduced
fluorescence of GFP-fused auxin transporters PIN1, PIN3, and PIN7 (Koltai, 2011).
A model of SL signaling in the root combines both cellular reception and non-cell-
autonomous signal transduction. Following cellular reception of SL via the
D14 like/MAX2-like/SCF—E2 module, certain receptors are degraded. This leads to the
release of downstream targets, and eventually to changes in actin bundling. Reduced or
increased actin bundling enhances or reduces the trafficking of PIN proteins, and thereby
increases or reduces their polarity in the plasma membrane, respectively. These changes
in the cytoskeleton and PIN1 localization might happen in the same cell that perceives
the SL signal, or in adjacent cells, via additional signal transduction. The polar position
of PINs in the plasma membrane is an important determinant of the direction of auxin
flux; therefore, these SL-induced changes in PIN localization may lead to changes in
auxin flux. Because auxin modulates actin organization and enhances PIN polarization,
the signal from SL for auxin transport may lead to a regulatory circuit of auxin and its
own transport (Koltai, 2014). Furthermore, proteomic analysis of GR24-responsive rice
proteins revealed differential expression of important enzymes of the carbohydrate/amino
acid metabolic pathways and key components of the cellular energy generation machinery
(Chenetal., 2014). It was also found that SL (using GR24, a synthetic, biologically active

SL analogue) affect auxin efflux transporter PIN2 polar localization, increase PIN2
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endosomal trafficking, actin de-bundling, and actin dynamics in a MAX2-dependent
fashion in Arabidopsis trafficking (tir3), actin (derl), and PIN2 (eirl) mutants (Pandya-
Kumar et al., 2014). GR24 increased polar localization of PIN2 in the PMof epidermal
cells and accumulation of PIN2-containing brefeldin A (BFA) bodies, increased
ARAT labeled endosomal trafficking, reduced F-actin bundling, and enhanced actin
dynamics, all in a MAX2-dependent manner. Most of the derl and tir3 mutant lines also
displayed reduced sensitivity to GR24 with respect to root hair elongation (Pandya Kumar
etal., 2014). Treatment of WT TALIN-GFP and FABD2-GFP expressing seedlings with
GR24 caused the reduction in actin filament bundling in the epidermal cells of the root
tip elongation zone evidenced by an increased proportion of thin fibrils and a decreased
proportion of thick fibrils with the significant reduction in skewness. Unlike the WT,
however, application of GR24 to max2-1 mutant expressing TALIN-GFP under the 35S
promoter did not reduce actin filament bundling. Together, the results suggest that
bundling of actin filaments in the epidermal cells of the primary root elongation zone is
reduced upon GR24 treatment in a MAX2-dependent fashion. GR24 treatment seems to
reduce F-actin bundling in the epidermal cells of the primary root elongation zone, which
in turn would enhance actin destabilization and thus actin susceptibility to
depolymerization by the actin-depolymerizing substance latrunculin B (Pandya-Kumar et
al., 2014). Besides that, SL affect actin dynamics in the WT but not in max2-1 at GR24
plates, since the increased F-actin average and median velocity in the epidermal cells of
the root tip elongation zone was detected.

Concerning MT, SL analogues MEB55 and ST362 compromise the integrity of the
MT network and may inhibit the migratory phenotype of the highly invasive breast cancer
cells (Mayzlish-Gati et al., 2015). Moreover, SL analogues activate apoptotic p38
(mitogen-activated protein kinase) cascade and inhibit cyclin B expression (Pollock et al.,

2014). However, there are no reports on SL effects on plant MT so far.

3. MATERIALS AND METHODS

3.1. Plant material

Wild-type (WT A. thaliana (Columbia-0), SL-insensitive T-DNA insertion A. thaliana
mutant max2-1 (more axillary growth) (EMS mutant; Stirnberg et al., 2002) on Col-0
background kindly provided by Prof. H. Koltai were used in this study. MT organization
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was recorded in A. thaliana Col-0 wild type or max2-1 mutant seedlings stably expressing
a 35S::GFP-MBD (microtubule binding domain of mammalian non-neuronal MAP4
microtubule associated protein), or a 35S::TUA6-GFP construct (Marc et al., 1998; Shaw
etal., 2003). Actin microfilament organization was documented in Arabidopsis seedlings
transformed with the 35S::Lifeact-GFP construct (LifeAct includes the first 17 amino
acid from the Saccharomyces cerevisiae Abp140, an actin-binding protein; Riedl et al.,
2008). Actin organization was also documented in Arabidopsis lines bearing the GFP-
fABD2 actin marker (Voigt et al., 2005). max2-1 mutants were crossed with Col-0 wild
type transformed with 35S::GFP-MBD or 35S::TUA6:GFP constructs. To ensure a
homozygous background of the crossed lines we used the T3 generation. All seedlings
expressing microtubule or actin markers were selected under epifluorescence microscope
and used thereon for documentations with either the CLSM or the spinning disc

microscopes.

3.1.1. Seed sterilization

Seeds of transformed or untransformed Col-0 or max2-1 were surface sterilized with
1% v/v sodium hypochlorite (NaClO) solution supplemented with a drop of 0.1% v/v
Tween-20 as a surfactant for 10 min, short-spin vortexed, immersed to 70% v/v ethanol
for 55, thoroughly rinsed 5 times by sterile MilliQ water and placed to square Petri dishes
containing 0.6% w/v agarose-solidified 2 Murashige and Skoog medium (2 MS;
Duchefa) with 1% w/v sucrose with or without exogenous synthetic SL and/or inhibitors
of endogenous SL biosynthesis. All manipulations with seeds were carried out in aseptic
conditions in laminar flowbox using instruments immediately sterilized in 70% v/v
aqueous ethanol or Spitaderm disinfectant solution (e.g., tweezers) or wooden toothpicks
autoclaved before use. Solution exchange was performed with the use of an automatic

Eppendorf micropipette.
3.1.2. Culture medium preparation and sowing

Arabidopsis seedlings were cultivated on solid 2 MS medium containing 10 g of
sucrose, 1 g of MES buffer, 2,159 of basal MS salts and 6 g of agarose or Gellan gum for

1 L of Milli Q water. KOH (1M) was used to adjust pH at 5.8. After that freshly prepared
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medium was autoclaved at 121°C for 20 min. Thermoindicative tape was used to prove
that the sterilization conditions were sufficient.

Thereafter, the sterile medium was poured into square Petri dishes (120 mm x 120
mm) in a sterile laminar flowbox with further sealing with parafilm after solidifying.
Circa 30 seeds were sown on each dish by using micropipette with tips slightly cut at the
end (5—10 pl). After seeds sowing Petri dishes were covered with parafilm (still in sterile

flowbox) to prevent bacterial or fungal contaminations.

3.1.3. Growth conditions

Petri dishes with seeds were stored for 1 d at 4°C to synchronize germination and then
germinated at a vertical position in Phytotron at 22°C under long-day conditions (16 h
light/8 h darkness, PPF: 150 umol m—2 s—1) for 4 or 7 d prior to imaging. To promote
etiolation, Petri dishes were wrapped in aluminum foil after seeding, stratified and

germinated as such under the same environmental conditions.

3.2. Chemicals and laboratory devices

3.2.1. Commercially available chemicals

Unless stated otherwise, all common chemicals were from Sigma and were of
analytical grade. . In turn, GR24 was synthetized by Tomas Pospisil or purchased from
Chiralix (Nether lands), while TIS108, a triazole-type strigolactone biosynthesis inhibitor
was purchased from Chiralix (Netherlands).

3.2.2. Laboratory devices and materials

Analytical balances (XA 110/2X, RADWAG, Waga Elektronicze)
Electromagnetic stirrer IKA Combimag REO (Drehzahl Electronic)
Flowbox biohazard (Faster)

ImageScanner™ III (GE Healthcare)

Laboratory fridge (Electrolux, Space Plus, ERB 34633W)
Laboratory hood (M1200, MERCI)

pH meter (TEMP RS232, PL-600 pH/mV/Temp Meter, EZODO)
Phytotron (WEISS Gallenkamp)
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Precision balances (S1502, BEL-Engineering)

Simplicity water purification system (Millipore)

Eppendorf microtubes (1,5 ml; 2 ml) beakers, volumetric cylinders, tweezers, wooden
toothpicks, filter paper, magnetic stirrers, sterile tips, scissors, sterile square Petri dishes
(25 and 40 ml), borosilicate glass slides, coverslips (20x20 mm, 32x64 mm), Parafilm
stripes, liquid petroleum jelly (nail polish), double-sided sticky tape, Zeiss Immersion Qil
518F

3.2.3. Microscopes

Stereo microscope (MSZ5000, A. Kriiss)

Axio Zoom.V16 (Carl Zeiss, Germany)

Epifluorescence microscope (Axio Imager M2, Carl Zeiss, Germany)
Confocal microscope (LSM 710, Axio Imager Z2, Carl Zeiss, Germany)
Spinning-disk microscope (Cell Observer Z.1; Carl Zeiss, Germany)

3.3. Chemical treatment

A synthetic specific SL cis-GR24 consisting only of D14-perceived GR24+
synthesized by Tomas Pospisil according to Zwannenberg et al., 2013) was dissolved ex
tempore in pure anhydrous acetone to prepare a 10 mM stock solution from which,
working concentrations of 1, 3, 10 and 25 pM were prepared. 4-d-old seedlings were
taken from 0.6% w/v agarose-solidified media, treated with GR24 and prepared for
microscopy. A triazole-type SL biosynthesis inhibitor designated as TIS 108 (Chiralix,
Netherlands) was dissolved in pure, anhydrous acetone prior to use to have 10 mM stock
solution further diluted to 3 and 10 pM final concentrations and added to

agarose-solidified 2 MS medium or used for short-time treatment in liquid MS.

3.4. Crossings of Arabidopsis max2-1 mutants with plants stably expressing
35S::GFP-MBD and 35S::GFP-TUAG constructs

To track changes in microtubule organization in cells of Arabidopsis hypocotyl under
GR24 and T1S108 treatment 4-weeks-old max2-1 plants (acceptor, “mother”) growing in
circular pots were pollinated with pollen and MAP4-GFP- of TUAG6-GFP- bearing plants

(donors, “fathers”). For crosses we have chosen undisclosed flowers of max2-1 mutant to
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prevent self-pollination. Pollen was taken from mature flowers of donor plants (Figure 7,
A-C).

Figure 7. Crossing of Arabidopsis plants: (A) an intact mature flower with sepals (s), petals (p),
stamens (st), and the pistil (ps); (B) a mature flower with the exposed stamens having an anther
(a) and a filament (f). Scale bar: 1 mm; (C) a scanning electron micrograph showing inner
structure with two petal primordia (p), anthers (a) with the characteristic lobed shape and the very
short filament (f). Scale bar: 100 um. Images A-C are adapted from Ma (2005). (D) choosing
stamen bearing pollen  with a  tweezer (from the video  tutorial:
https://www.youtube.com/watch?v=QVIPBEWBG5k); (E,F): 1-week-old crosses of T3
generation of both max2-1:MAP4-GFP and max2-1:TUA6-GFP growing in standard light/dark
conditions in phytotron.

Undisclosed flowers of max2-1 were slightly opened with pizzetta and pollen from the
2-3 separated stamens of Arabidopsis (MAP4-GFP) or (TUA6-GFP) was gently
transposed inside the mother plant flowers either under the control of a
binocular/magnifying glass, or with a naked eye (Figure 7, D). Generally, on each mother
plant not more than 2-3 flowers were pollinated in order not to traumatize it too much.
Pollinated plants were marked with red threads and left in mini-green house constructed

from square Petri dishes coiled with cling film for keeping the soil wet for a week before
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unwrapping (Figure 7, E,F). All plants were grown in a phytotron at 16h/light and 8h/dark
at 25 °C and were regularly watered.

The process was repeated for T2 and T3 generation. Crossings for T3 were
max2-1:MAP4-GFP and max2-1:TUAG6-GFP. Seeds for the next generation were
harvested from 8- to 10-week-old plants, which were covered with paper bags firmly
attached to their stems. Plants were allowed to dry at room temperature (25°C) prior to

seed collection.

3.5. Hypocotyl growth rate and phenotypical analysis

Petri dishes with germinated light-grown or etiolated seedlings of Col-0 wild type or
max2-1 mutant at 7"—10" days after germination were placed in scanner (Image Scanner
I1l, EpsonScan) and scanned at transmitted light mode in order to document and
subsequently quantify hypocotyl length.

For hypocotyl width measurements, such grown Col-0 wild type or max2-1 seedlings
were documented with differential interference contrast of a widefield microscope
(Axio Imager M2, Carl Zeiss, Germany) equipped with a polarizer and a Wollaston prism
at three distinct parts of the hypocotyl: the upper part — situated right beneath the
cotyledon petiole; the middle part — at the mid-plane of hypocotyl, and the lower part —
at the border with the primary root.

For the detailed morphological studies seedlings at 4" and 7™ days after germination
were documented using Axio Zoom.V16 Stereo Zoom system (Carl Zeiss, Germany) in
bright field illumination (objective lenses PlanApo Z 1.5x, FWD = 30mm), and processed
in Image J software in Fiji macros (an open platform for scientific image analysis

https://imagej.net/Downloads). Hypocotyl length (circa n=30 for each treatment, three

repetitions) is presented as mean+SE. All graphical plots were prepared in Microsoft

Excel software.

3.6. Microscopy

For live documentation of microtubules and actin microfilaments in Col-0 wild type

or max2-1 mutants expressing proper fluorescent markers we used an LSM710 spectral
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CLSM and a Cell Observer spinning disc platform according to previously published
specifications (Komis et al., 2014; 2015).

4-d-old seedlings grown at solidified mock, GR24- or TIS108-containing media were
mounted between a microscope slide and a coverslip in 30 pL of liquid 2aMS medium
spaced by double-sided sticky tape, narrow Parafilm stripes and extra sealed using liquid
petroleum jelly (nail polish) to form a chamber prior to imaging for sample stabilization.
This prevented dislocation of the plantlets during liquid exchange and allowed the
observation of the same area during 2 h. All preparations involving etiolated seedlings
were done in dark room under dim red or green light.

The GFP-MBD marker was used to extrapolate microtubule organization by means of
CLSM, using a 63x1.40 Plan-Apochromat oil immersion objective (1.4 NA) with a 488
nm excitation line, and detection of the GFP signal at 510/540 nm. Laser power was set
to no more than 2% of the total output available. Z-stacks were acquired using a 0.61 pm
step size.

To document actin organization we took into account the fast dynamics of cortical
actin microfilaments which prohibited the acquisition of z-stacks via CLSM. For this
reason spinning microscopy was used instead using a Cell Observer Z.1 platform (Carl
Zeiss, Germany). Acquisitions were done with a 63x/1.4 NA oil immersion objective. For
excitation of GFP a 488-nm excitation laser line was used, while the signal was detected
with a BP525/50 emission filter. Images were recorded with a high-resolution Evolve 512
back-thinned EM-CCD camera (Photometrics) with the exposure time 500-750 ms per

optical section.

3.7. Analysis of microtubule organization

The organizational patterns of cortical microtubules of Col-0 or max2-1 seedlings
expressing the GFP-MBD marker and treated or untreated with GR24 or T1S108, was
analyzed by applying the Cytospectre freeware on full CLSM frames of hypocotyl cells
(Kartasalo et al., 2015). In this way, we acquired a semi-quantitative overview of cortical
microtubule angular distribution. Briefly, appropriate Z-stacks of hypocotyl cells were
summed-up to maximum intensity projections, exported as tiff files and subsequently

loaded to the software.
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3.8. Quantitative analysis of actin filament organization

Cortical actin microfilament organization was documented in maximum intensity
projections after spinning disc imaging of Col-0 or max2-1 seedlings expressing the GFP-
Lifeact marker and treated or untreated with GR24 or TIS108. In all cases, two features
were quantified. Average fluorescence per unit area (occupancy; signifying the extent of
actin filament bulk) and skewness of fluorescence distribution (denoting the extend of
actin filament coalescence and bundling). Both measures, were deduced from values in

the Histogram add-on of Zeiss Zen software (licensed Blue version).

3.9. Statistics

Statistical analysis datasets presented herein was performed in the software
STATISTICA (version 13.4.0.14; Statsoft, USA) and were contributed by Mgr. Tereza
Vavrdova. For comparing two different experimental conditions (light-dark and inhibitor
treatment), two-way ANOVA followed by Scheffé's test was used. For pairwise

comparisons, one-way ANOVA was used.

4. RESULTS

In the present thesis we focused on the responses of plant microtubules and actin
filaments to the fluctuations of strigolactone levels, regulated both pharmacologically (by
exogenous GR24 application or by biosynthetic inhibition with TIS108) and genetically
(by using the strigolactone-insensitive mutant max2-1). Previously published results show
that strigolactones as a new class of phytohormones together with “classical” ones such
as auxins, cytokinins, gibberellins and abscisic acid, orchestrate morphogenesis and
growth of aboveground plant parts. Since such hormones exert developmental roles in
part via the indirect regulation of microtubules and actin filaments (Blume et al., 2017)
we examine such possibilities in the case of strigolactones during hypocotyl growth
inhibition.

Previously, it was reported that strigolactones change architecture and dynamics
of actin filaments in Arabidopsis root cells (Pandya-Kumar et al., 2014). Namely, GR24

reduces F-actin filament bundling in a MAX2-dependent manner and, at the same time,
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enhances actin dynamics, affects endosome trafficking and PIN2 localization in the
plasma membrane (Pandya-Kumar et al., 2014).

As for the effects of strigolactones on plant microtubules, there are no reports up
to date. However, in the highly invasive breast cancer cells, potent strigolactone
analogues MEB55 and ST362 disrupt microtubular networks and alter the cell phenotype
(Mayzlish-Gati et al., 2015).

Therefore, our studies were aimed to fill this gap and get data showing the
regulation of plant cytoskeleton by strigolactones as it was done for other phytohormones.
First of all, we addressed the GR24- and T1S108-induced changes of light-exposed and
etiolated hypocotyl length and width of both wild type Col-0 and strigolactone-insensitive
Arabidopsis mutant max2-1 using ZOOM stereomicroscopy (phenotypic analysis). Next,
the putative changes of cortical microtubules network organization were studied with the
help of CLSM. For this reason, we performed crosses and get two mutants, max2-
1:MAP4-GFP and max2-1:TUAG6-GFP (T3), stably expressing GFP-reporter constructs.
In turn, the organization of actin filaments and the presence of acquosomes was

documented with spinning disk microscopy.

4.1. Phenotype characterization

4.1.1. Hypocotyl length and width of light-exposed Arabidopsis WT and max2-1
mutant seedlings

To analyze the inhibition of hypocotyl growth and epidermal cell swelling
induced by strigolactones, we used 7-day-old WT and max2-1 mutant seedlings growing
on 2 MS medium supplemented with different concentrations of GR24 or TI1S108, either
in the standard light/dark regime of the phytotron or under conditions of continuous
darkness to promote etiolation. It is noteworthy that we have tested from the very
beginning a wide range of GR24 concentrations (namely, 0.5, 1, 3, 10, 25 and 50 uM) to
finally narrow this range between 3 uM and 25 puM. Moreover, we examined three
concentrations of TIS108 (3, 5 and 10 uM) and have chosen the first option as both
physiologically relevant and efficient. Seedlings growing in Petri dishes were scanned
and images were processed by ImageJ (Fiji 1.46r.) software. Both WT and mutant were
represented by at least thirty seedlings. The data were processed in MS Excel 2016

whereby all the charts were created.
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For this experiment we used standard light/dark regime of the phytotron or
etiolation (Petri dishes with plated seeds were wrapped with aluminum foil) and
cultivated WT and max2-1 mutant seedlings on 2 MS medium containing 3 uM and 25
uM GR24 or 3 uM TIS108. Under the light/dark regime GR24 inhibited hypocotyl
elongation and induced mild radial swelling of epidermal hypocotyl cells by comparison
to mock-treated Col-0 seedlings (Figure 8A,1 cf. Figure 8B,C,J,K).
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Figure 8. Hypocotyl growth of Arabidopsis thaliana Col-0 WT or max2-1 mutant in the presence
or absence GR24 (3 and 25 uM) or TIS108 (3 uM) under standard light/dark regime. (A-D)
Hypocotyls of Col-0 seedlings treated with acetone (mock; A), 3 uM GR24 (B), 25 uM GR24
(C), and 3 uM TIS108 (D). (E-H) Hypocotyls of max2-1 mutant seedlings treated with mock (E),
3 uM GR24 (F), 25 uM GR24 (G), and 3 uM TIS108 (H). (I-L) Detailed widefield documentation
of hypocotyl epidermal cells of Col-0 treated with solvent alone (mock; I), 3 uM GR24 (J), 25
uM GR24 (K), and 3 pM TIS108 (L) showing mild cell swelling in all treatments (J-L) as
compared to control (I). (M-P). Detailed widefield documentation of hypocotyl epidermal cells
of max2-1 hypocotyl epidermal cells treated with solvent alone (mock; M), 3 uM GR24 (N), 25
uM GR24 (0), and 3 uM TIS108 (P). Scale bars: 5 mm (A-H); 5 um (I-P).

The SL biosynthesis inhibitor TIS108 caused evident hypocotyl growth inhibition
as well (Figure 8D,L). With appropriate measurements it was found that the average
hypocotyl length of mock-treated Col-0 seedlings was 2.05+0.145 mm (mean+SD; Figure
9A; N=75).
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Figure 9. (A). Pairwise comparison of hypocotyl length of Col-0 and max2-1 seedlings grown
under standard light conditions and treated with mock, 3 uM of GR24, 25 uM of GR24 and 3 uM
of TIS108. Statistical evaluation was done by two-way ANOVA, followed by Scheffé's post hoc
test (N>59; same letters in the graph indicate groups without statistically significant differences
at the 0.001 probability level). (B). Pairwise comparison of hypocotyl width of Col-0 and max2-
1 seedlings grown under standard light conditions and treated with mock, 3 uM of GR24, 25 uM
of GR24 and 3 pM of TIS108. Statistical evaluation was done by two-way ANOVA, followed by
Scheffé's post hoc test (N>27; same letters in the graph indicate groups without statistically

significant differences at the 0.001 probability level).

After 3 uM GR24 treatment, hypocotyls were shorter and their average length was
1.28+0.158 mm (mean+SD; Figure 9A; p=0.0000; N=60). Treatment with 25 uM GR24
was different compared to mock but was not significantly different to that with 3 uM
GR24 and the hypocotyl length in this case was 1.307+0.178 (mean+SD; Figure 9A;
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N=56; p=0.0000 and p=0.9992, respectively). Treatment with 3 uM TIS108 resulted in
severe hypocotyl growth inhibition, showing average length of 0.783+0.160 mm
(mean+SD; Figure 9A; N=61). This treatment was the most diversified from all other
conditions being significantly different from all of them (p=0.0000 and p=0.0000 as
compared to 3 uM GR24 treatment, and p=0.0000 as compared to 25 uM GR24
treatment).

Using epifluorescent microscopy we addressed also hypocotyl width. It has to be
mentioned that the samples were prepared extremely carefully not to squeeze them under
the coverslip and prevent extra damage of the swollen cells after some treatments. It was
found that the hypocotyl width was only mildly affected by any of the treatments used
herein. The width of control Col-0 hypocotyls was 0.309+0.04 mm (mean+SD; Fig. 9B;
N=58), 0.325+0.07 mm after 3 uM GR24 treatment (mean+SD; Figure 9B; N=89),
0.290+0.08 mm — after 25 uM GR24 (mean+SD; Figure 9B; N=90), and 0.323+0.05 mm
after 3 uM TIS108.

In addition to hypocotyl growth studies of the WT, hypocotyl length and width of
max2-1 mutants grown under the light/dark regime were measured as well. In mock-
treated mutants (Figure 8E) but also after treatment with both 3 uM (Figure 8F) and 25
uM GR24 (Figure 8G), the hypocotyl was consistently longer when compared to Col-0
seedlings. The hypocotyl length of max2-1 mutant seedlings was only affected by 3 uM
T1S108 (Figure 8H). Meanwhile, hypocotyl epidermal cells of max2-1 do not show any
noticeable changes at any treatment used (Figure 8M-P). In quantitative terms, the
hypocotyl length of mock-treated max2-1 mutants was 2.16+0.19 mm (mean+SD; N=78),
2.06+0.17 mm after treatment with 3 uM GR24 (mean+SD; N=69), 1.98+0.17 mm — 25
uM GR24 (mean+SD; N=80) and 0.74+0.16 mm — 3 uM TIS108 (mean+SD; N=59).

4.1.2. Hypocotyl length of etiolated Arabidopsis WT and max2-1 mutant seedlings

Several publications are dedicated to a synergy between exogenous application of
strigolactones and the illumination conditions during seedling growth (e.g., Xie et al.,
2020). Therefore, treatments with GR24 (3 uM and 25 uM) and TIS108 (3 uM) were
repeated with Col-0 and max2-1 seedlings grown under continuous darkness. Hypocotyl
length of etiolated Col-0 seedlings (Figure 10) exceeded that of light-grown ones (Figure
9A).
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Figure 10. Elongation of hypocotyl in etiolated Arabidopsis thaliana Col-0 wild type and max2-
1 mutant seedlings, before or after treatment with GR24 (3 uM and 25 uM) or TIS108 (3 uM).
(A-E). Etiolated hypocotyls of mock-treated Col-0 (A), or following treatment with 3 uM of
GR24 (B), 25 uM of GR24 (C,D), and 3 uM of TIS108 (D). (E-H) Appearance of etiolated max2-
1 mutant seedlings in the presence of solvent alone (mock; E), 3 uM of GR24 (F), 25 uM of GR24
(G), and 3 uM of TIS108 (H). (I). Quantification of etiolated Col-0 and max2-1 hypocotyl length
after treatment with mock, 3 uM of GR24, 25 uM of GR24 and 3 uM of TIS108 (N>22; two-way
ANOVA with Scheffé's post-hoc test; common letters denote groups without statistically

significant differences at the 0.001 probability level). Scale bars: 10 mm (A-H).

Visual documentation and quantitative analysis, showed that etiolated Col-0 seedlings
were affected by treatments with 3 uM (Figure 10 B,J) and 25 pM GR24 (Figure
10C,D,J), but they proved most responsive to 3 uM TIS108 (Figure 10 E,J). The length
of control etiolated Col-0 seedlings was 15.45+1.77 mm (mean+SE; N=78), 14.09+1.22
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mm after treatment with 3 uM GR24 (mean+SE; N=75), 11.234+1.54 mm after treatment
with 25 uM GR24 (mean+SE; N=77) and 3.74+0.56 mm after treatment with 3 uM
TIS108 (N=36). By statistical deductions, all treatments significantly reduced the
hypocotyl length of etiolated seedlings when compared to the mock treatment (Figure 2J;
p=0.0000 for 3 uM of GR24; p=0.0000 for 25 uM of GR24; p=0.0000 for 3 uM of
T1S108). These treatments were repeated on the max2-1 mutant (Fig. 10F-I), which was
also sensitive to both GR24, and to T1S108. Compared to mock-treated max2-1 seedlings
(Figure 10F), which exhibited length of 15.95187 +1.64 mm (mean+SD; N=23), those
treated with 3 uM GR24 (Figure 10 G) were 15.72+1.12 mm (188 mean+SD; N=30), with
25 uM GR24 (Fig. 10 H) — 10.05+1.66 mm (mean+SD; N=22), and 3 uM of TIS108 (Fig.
21) — 5.06+£0.64 mm (mean+SD; N=25) long. Most treatments conferred significant
changes on hypocotyl length of etiolated max2-1 seedlings compared to controls with the
exception of 3 uM GR24 (Figure 10 J; p=0.9998 for 3 uM GR24; p=0.0000 for 25 uM
GR24; p=0.0000 for 3 uM TIS108).

These results revealed the magnitude of GR24 and TIS108 effects on hypocotyl
elongation, showing that in Col-0 etiolated seedlings are less prone to GR24 compared to
light-grown ones, while by contrast they were more responsive to TIS108 treatment. In
addition, max2-1 mutant was equally unresponsive to 3 uM GR24, but using 25 uM GR24
and 3 uM TIS108, etiolated seedlings exhibited a much stronger inhibitory effect.

4.2. Strigolactone effects on the organization of microtubules

It is well-known fact that the rearrangements of cytoskeleton, both microtubules and
actin filaments, is the driving force of morphogenesis. Inducible growth alterations and
exogenous hormonal treatments have been repeatedly shown to be preceded and
supported by conditional rearrangements of cortical microtubules, which tend maintain
their predominant orientation (e.g., Lindeboom et al., 2013; True and Shaw, 2020). Such
conditions favoring the parallel arrangement of cortical microtubules can be documented
by showing the patterns of their angular distribution and quantified by measuring the
degree of anisotropy within the cortical array. In light/dark grown, mock-treated Col-0
seedlings carrying GFP-MBD microtubule marker, cortical microtubules exhibit a more
or less random distribution (Figure 11A,E) with the tendency of more biased
reorganization after treatment with 3 puM GR24 (Figure 11B,F), 25 uM GR24
(Figure 11C,G) and 3 uM TIS108 (Figure 11D,H).
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Figure 11. Cortical microtubule organization in hypocotyl epidermal cells of seedlings of
Arabidopsis thaliana Col-0 or the max2-1 mutant expressing the GFP-MBD microtubule marker
and grown in standard light/dark regime without or with GR24 (3 and 25 uM) or 3 uM TIS108.
(A-D) Epidermal hypocotyl cells of Col-0 seedlings treated with solvent alone (mock; A), 3 uM
GR24 (B), 25 uM GR24 (C), and 3 uM TIS108 (D). (E-H) Hypocotyl epidermal cells of max2-1
seedlings treated with solvent alone (mock; E), 3 uM GR24 (F), 25 uM GR24 (G), and 3 uM
TIS108 (H). (I-L) Angular distribution analysis of cortical microtubules of Col-0 seedlings
corresponding to (A) — (I); (B) — (J); (C) — (K) and (D) — (L), (H). (M-P) Angular distribution
analysis of cortical microtubules of max2-1 seedlings corresponding to (E) — (M), (F) — (N), (G)
—(0), (H) — (P). Scale bars: 20 um.

Max2-1 mutant expressing the GFP-MBD marker exhibited higher level of cortical
microtubule organization by comparison to Col-0 either after mock (Figure 111,M), 3 uM
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GR24 (Figure 11JN), 25 uM GR24 (Figure 11K,0) or 3 pM TIS108 (Figure 11L,P)
treatments.

In etiolated seedlings of Col-0 bias of cortical microtubule organization was
higher wehn compared to seedlings grown under a light/dark cycle. In controls (Figure
12AE), the majority of cortical microtubules lied parallel to each other within the same
cell, but at variable orientations compared to each other. However treatments with 3 uM
GR24 (Figure 12B,F), 25 uM GR24 (Figure 12C,G) and 3 uM TIS108 (Figure 12D,H)
did not appreciably change the propensity of highly ordered cortical microtubule

arrangements.
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Figure 12. Assessment of microtubule organization in epidermal hypocotyl cells of etiolated
seedlings of Arabidopsis thaliana (GFP-MBD) Col-0 or the max2-1 mutant in the presence or
absence of GR24 (3 and 25 uM) or TIS108 (3 uM). (A-D). Overview of hypocotyl of mock-
treated Col-0 (A), or treated with 3 uM GR24 (B), 25 uM GR24 (C), and 3 uM TIS108 (D).
Overview of hypocotyl of max2-1 seedlings treated with solvent alone (mock; E), 3 uM GR24
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(F), 25 uM GR24 (G), and 3 pM TIS108 (H). (I-L). Analysis of cortical microtubule angular
distribution in Col-0 seedlings: (A) — (I); B) — (J); (C) — (K) and (D) - (L), (M-P) Cortical
microtubule angular distribution of max2-1 seedlings corresponding to (E) — (M), (F) — (N), (G)
—(0), (H) — (P). Scale bars: 20 um.

Similarly to the wild type, the hypocotyl epidermal cells of etiolated max2-1
seedlings, exhibited highly organized systems of parallel microtubules, without
noticeable changes to the degree of organization by comparison of control treatment
(Figure 12 1,M) or treatments with 3 uM GR24 (Figure 12 J,N), 25 uM GR24 (Figure 12
K,O) and 3 uM TIS108 (Figure 12L,P). In both etiolated Col-0 and max2-1, the chemical
interference with strigolactone synthesis or signaling does not seem to affect cortical

microtubule organization.

4.3. Effects of strigolactones on actin organization

Cell growth control is also depending on the organization and dynamics of actin
microfilaments. Exogenous GR24 application was shown to exert effects on actin
organization and dynamics of root epidermal cells. Such effects were documented in
TALIN or FABD?2 reporter lines (Pandya-Kumar et al., 2014) both of which have been
related to bundling of actin microfilaments (Ketelaar et al., 2004). Herein we rather
followed actin organization in hypocotyls, after labeling with the Lifeact-GFP marker.
The latter, is not expected to promote artificial actin organization in living cells (Riedl et
al., 2008). WT Col-0 expressing Lifeact-GFP was used to document actin organization in
hypocotyl cells of light/dark- or dark-grown seedlings after treatment with mock, or
exogenous application of GR24 (3 uM and 25 uM) or TIS108 (3 uM).

To characterize actin organization, two measures were extrapolated: (a) skewness of
fluorescence frequency distribution (accounting for actin bundling) and (b) occupancy of
fluorescence per unit are (to deduce on the amount of polymeric actin). In light/dark
grown mock-treated Col-0 seedlings actin microfilaments were evenly distributed in the
cell cortex and seemingly the patterns of actin organization were very similar in hypocotyl
cells treated with 3 uM GR24 (Figure 13B), 25 uM GR24 (Figure 13C) and 3 uM TIS108
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(Figure 13D).
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Figure 13. Organization of actin microfilaments in epidermal hypocotyl cells of light-grown
seedlings of Col-0 expressing Lifeact-GFP before or after treatment with 3 uM and 25 uM GR24
or 3 uM TIS108. (A-D). Actin organization in light-grown, mock-treated Col-0 seedlings (A), or
after treatment with 3 uM GR24 (B), 25 uM GR24 (C), and 3 uM TIS108 (D). (E-H) Actin
organization in etiolated hypocotyl cells of Col-0 seedlings treated with solvent (E), 3 uM GR24
(F), 25 uM GR24 (G), and 3 uM TIS108 (H).

In etiolated hypocotyls, microfilaments are mostly organized in few robust
longitudinal bundles. This actin organization trend does not change appreciably in mock-
treated seedlings (Figure 13E), or following treatments with 3 uM GR24 (Figure 13F),
25 uM GR24 (Figure 13G) and 3 pM TIS108 (Figure 13H). Regardless the illumination
mode, all treatments subtly affected occupancy (Table 1), when compared to controls.

Table 1. Quantification of actin occupancy and skewness in light and dark conditions in
Col-0 hypocotyl epidermal cells.

Light
mock | GR24 3 uM GR24 25 pM TIS108 3 uM
Occupancy | 3.67+2.07 | 3.44+1.70 2.96+1.57 4.713+ 2.69
(mean+SD)
Skeweness | 2.45+0.51 | 2.497+0.54 2.158+0.38 2.38+0.58
(mean+SD)
Dark
mock GR24 3 utM GR24 25 pM TIS108 3 nM
Occupancy | 2.48+2.00 | 3.579+1.87 4.54+2.77 2.10+0.96
(mean+SD)
Skeweness | 3.60+0.99 | 3.71+0.71 2.86+0.52 3.12+0.67
(mean+SD)
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On the other hand, fluorescence distribution skewness was more concretely stable
under light/dark growth conditions, but was prone to changes in etiolated seedlings (Table
1). To summarize, occupancy is comparable between both groups at all experimental
conditions (Figure 13M). On the other hand, actin filament bundling is higher after any
treatment, compared to the light/dark grown ones (Table 1). Therefore, any difference in
both terms of actin organization between light and dark-grown hypocotyls are not

considerably affected by manipulation of strigolactone signaling.

4.3.1. Effects of strigolactones on actin dynamics and acquosomes formation

Actin dynamics were followed in Col-0 seedlings stably expressing a 35S::FABD-
GFP construct in order to label actin microfilaments and actin bundles in the absence of
artificial bundle formation caused by other markers such as fluorescent protein fusions of
TALIN as was reported in previous studies (Ketelaar et al., 2004). In light-grown
seedlings, visual comparison of provided time series of actin dynamics, showed that when
compared to the mock treatment (Figure 14 A), the treatment with 3 uM GR24 (Figure
14,B), 25 uM GR24 (Figure 14 C) or 3 uM TIS108 (Figure 14 D) slowed down actin
dynamicity (respective supplementary videos will be shown in the thesis presentation).

mock GR24 3 pM GR24 25 pM TIS108 3 pM

Light

Dark

Light
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Figure 14. Assessment of actin filament organization in epidermal hypocotyl cells of light- (A-D)
and dark- (E-H) grown seedlings of Arabidopsis thaliana Col-0 wild type expressing
FABD2-GFP in the presence or absence of GR24 (3 uM and 25 uM) or TIS108 (3 uM).
Formation of acquosomes (F-actin quoit-like structures) (arrowheads) in epidermal cells of
hypocotyl cells of etiolated Col-0 seedlings in the presence of solvent alone (mock; I), 3 uM of
GR24 (J), 25 uM of GR24 (K), and 3 uM of TIS108 (L). Scale bars: (A-H) 10 um; (I-L) 5 pum.

By contrast, the highly vigorous actin dynamics of mock-treated dark-grown
seedlings (Figure 14 E) stayed indifferent to either 3 uM GR24 (Figure 14 F), 25 uM
GR24 (Figure 14 G), or uM of TIS108 (Figure 14 H). In turn, the number of acquosomes
has been increasing with the increase of GR24 concentrations (Figure 14 J,K) and after
TIS108 treatment as compared to mock-treated control (Figure 14 1), however, this

observation has to be confirmed by the quantitative assessment.

5. DISCUSSION

Strigolactones are principally synthesized in roots (Ruyter-Spira et al., 2003). Thereon,
they are transported to and regulate shoot (Gomez-Roldan et al., 2008; Umehara et al.,
2008) and root (Ruyter-Spira et al., 2011; Hoffman et al., 2014). The transport of
strigolactones from the root to the upper parts via the xylem, as proven in Arabidopsis
and tomato gave clues regarding the regulation of strigolactone signaling by means of
transport and organ-specific localization (Kohlen et al., 2011). Depending on the targeted
organ, strigolactones may positively or negatively affect its size and number (rhizoid or
caulonema; Hoffmann et al., 2014).

Herein, we examined implications of strigolactones in hypocotyl morphogenesis and
growth by addressing their effects on actin and microtubule organization. Treatments with
a synthetic strigolactone (GR24; Umehara et al., 2008) or chemical inhibition of
strigolactone biosynthesis (T1S108; a potent triazole-containing inhibitor of cytochrome
P450 monooxygenases; Ito et al., 2010, 2011, 2013), inhibited hypocotyl elongations in
wild type Col-0 line and to a lesser extend in max2-1. This mutant exhibits reduced
sensitivity to strigolactone signaling (Stirnberg et al., 2002; Wang et al., 2013, 2015).
Conditional phenotypes of max2 alleles include suppression of hypocotyl elongation
inhibition, (Jia et al., 2014; Wang et al., 2020a), strigolactone-mediated shoot branching
(Wang et al., 2013; Liu et al., 2014; Bennett et al., 2016; Li et al., 2016) and lateral root
formation (Ruyter-Spira et al., 2013; Li et al., 2016). The function of MAX2 is rather
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associated with light-perception processes rather than with strigolactone signaling per se
(Lopez-Obando et al., 2018). As was shown before, GR24 representing an active
synthetic strigolactone, inhibits the scotomorphogenic elongation of the hypocotyl and
suppresses branch formation in both the shoot or the root. Finally, the effects of GR24
result to reduced tilling and compete auxin signaling against the formation of lateral roots
(Ruyter- Spira et al., 2013; Jiang et al., 2016; Sun et al., 2019). In the present study,
manipulation of strigolactone signaling was more pronounced in seedlings grown under
light/dark conditions. Etiolated seedlings, were not indifferent to such treatments, but
exhibited milder to negligible response to strigolactone manipulation. Hypocotyl
elongation was previously shown to be impaired by exogenous strigolactone application
in a dose-dependent manner, even at lower concentrations than those used herein (e.g., at
100 nM; Jia et al., 2014). In similar studies, max2 mutant alleles exhibited negligible
responses at low strigolactone doses and quantitative inhibition of hypocotyl elongation
over 25 uM (Jia et al., 2014). In the present work, such results were confirmed, further
delineating a correlation between strigolactone signaling modulation and seedling
illumination (Brewer et al., 2013) possibly through phytochrome and cryptochrome light-
dependent signaling (Jia et al., 2014).

Vegetative organ expansion largely relies on diffuse cell growth promoted by physical
or hormonal signals. At the cellular level, growth directionality is associated with the
positional control of cellulose microfibril deposition in the primary cell wall. Blueprinting
of cellulose patterning is directly conducted by cortical microtubules and is fine tuned by
actin microfilament organization. Cell, and eventually tissue and organ growth are related
to environmental cues such as light (e.g., Sambade et al., 2012; Lindeboom et al., 2013;
Ma et al., 2018) and mechanical stimulation (Louveaux et al., 2016; Takatani et al., 2020).
Coordination of such physical stimuli and growth directionality along the whole plant
body requires the effect of phytohormones including ethylene (Ma et al., 2018; Wang et
al., 2020b), auxin (True and Shaw, 2020) and gibberellins (Vineyard et al., 2013;
Locascio et al., 2013) on cytoskeletal organization and most importantly of cortical
microtubules and actin (Zou et al., 2019; Arieti and Staiger, 2020).

Given the above information, we pursued the possibility that genetic and
pharmacological interference with strigolactone signaling might be associated to
conditional cytoskeletal reorganization. Thus, the organization of cortical microtubules
were studied employing appropriate fluorescent markers and chemicals such as GR24 and

TIS108 in both Col-0 and max2-1 mutant. In terms of organization, exogenous
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strigolactone application and inhibition of endogenous strigolactones biosynthesis under
standard light/dark growth did not affect significantly cortical microtubule orientations in
Col-0, but had a prominent effect in the max2-1 mutant, promoting randomization in the
cortical array.

Owing to the previous connection of strigolactones with phytochrome and
cryptochrome light signaling pathways, the differential responses of cortical microtubules
to strigolactone manipulation under light or dark growth conditions is expected. Earlier
studies have already demonstrated the interdependence between phytochromes and
light-induced microtubule reorientations (Fischer and Schopfer, 1997). More recently, the
reorientation of cortical microtubules under blue light stimulation was attributed to the
stimulation of KATANIN1-mediated microtubule severing by phototropins (Lindeboom
et al., 2013). At present, the molecular components responsible for strigolactone-
mediated suppression of microtubule dynamics remain unknown.

Surprisingly, actin organization both in light/dark- and dark-grown Col-0 seedlings
proved to be more resistant to the application of GR24 and TIS108 as compared to
microtubules. The only consistent and significant difference that was identified, was the
higher degree of actin bundling in etiolated seedlings, which was again indifferent to
exogenous manipulation of strigolactones.

On the other hand, actin dynamic rearrangements were strongly reduced by all
treatments in light/dark-grown seedlings but remained virtually unaffected in etiolated
ones. The only existing report on the effects of strigolactone signaling on actin
organization and dynamics has addressed these aspects in the root (Pandya-Kumar et al.,
2014), where by sharp contrast to the findings presented herein, GR24 application was
found to loosen the actin microfilament systems and potentiate actin dynamicity.
Interestingly, an actin mutant (derl) exhibited reduced sensitivity to GR24
(Pandya-Kumar et al., 2014). One possible explanation of the differences in the behavior
of the actin cytoskeleton between the two studies may relate to the marker used to
visualize the actin cytoskeleton. In the present work, actin microfilaments were tagged
with a Lifeact-GFP-fusion, while the work of Pandya-Kumar and co-workers (2014)
employed either a TALIN-GFP or a FABD2-GFP marker, both of which may promote
artificial actin bundling (Ketelaar et al., 2004). Another plausible explanation may refer
to the physiological differences between hypocotyls and roots, especially in relation to
the interplay between strigolactone signaling and light perception. As mentioned

previously, light-induced microtubule reorientations in aboveground tissues have been
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shown to correlate with phytochrome (Zandomeni and Schopfer, 1993; Fischer and
Schopfer, 1997) and phototropin (Lindeboom et al., 2013) signaling. The roots are also
not indifferent to light, since dim light gradients may form at shallow depths of the soil
and probably express specialized photoreceptors responsive to low light rates especially
at the blue wavelength range (Galen et al., 2007 and references therein). Differences in
photoreception between aboveground and soil-residing plant parts may explain
differences in the cellular responses to strigolactones or strigolactone inhibitors and this
is a matter that deserves to be followed up in future studies.

Although TIS108 is an inhibitor of P450 cytochrome monooxygenases and thus
antagonist of strigolactone function, previous reports have confirmed its inhibitory effect
on hypocotyl elongation (Kawada et al., 2019). Thus, the follow up effects of TIS108 on
microtubule and actin organization and dynamics are in line with its observed effects on
hypocotyl growth. Since the effects of TIS108 are also differentiated between
light/dark-grown and etiolated seedlings, it is likely that the TIS108-induced cytoskeletal

remodeling is also associated with imbalances in strigolactone signaling.

6. CONCLUSIONS

The main aim of this thesis was to characterize the effects of strigolactones as a novel
class of phytohormones on the organization of cortical microtubules as well as the
organization and dynamics of actin filaments. For this purpose, we exogenously applied
GR24, a widely used synthetic strigolactone and TIS108, a potent triazole-containing
inhibitor of cytochrome P450 monooxygenases involved in strigolactone biosynthesis on
seedling hypocotyls of wild type Arabidopsis thaliana and strigolactone signaling mutant
max2-1. To get an insight into the possible mechanisms of the cytoskeletal remodeling
by strigolactones, we addressed organization of microtubules and actin filaments as well
as actin filaments dynamics. In the search of cellular mechanisms underlying
developmental functions of strigolactone signaling, the present study highlights the
significance of cytoskeletal remodeling in the process of strigolactone-mediated growth
inhibition of hypocotyl growth and reveals the differential regulation of microtubule and
actin organization and dynamics by strigolactones at different illumination regimes. The
following conclusions were drawn from the results of each experiment:

1) GR24 inhibited hypocotyl elongation of light-grown Arabidopsis Col-0 seedlings

and induced mild radial swelling of epidermal cells as compared to mock-treated
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2)

3)

4)

5)

6)

7)

8)

9)

seedlings, while max2-1 hypocotyls were consistently longer as compared to
similarly treated Col-0 ones.

SL biosynthesis inhibitor TIS108 caused evident hypocotyl growth inhibition of
light-grown Col-0 and max2-1 seedlings.

Hypocotyl width of light-grown Col-0 and max2-1 seedlings was only mildly
affected by any of the treatments used herein.

Generally, etiolated seedlings showed lower responsiveness to GR24, but higher
responsiveness to TIS108 as compared to light-grown ones.

Cortical microtubules in cells of light-grown Arabidopsis (GFP-MBD) showed the
tendency of more biased reorganization after GR24 and TIS108 treatments as
compared to mock-treated Col-0 seedlings having a more or less random
microtubules distribution. By contrast, light-grown max2-1 mutant expressing the
same microtubular marker appeared to have more organized cortical microtubules
as compared to Col-0 either after mock, GR24 and TIS108 treatments.

In etiolated seedlings of Col-0 the degree of cortical microtubule organization was
much more pronounced as compared to light-grown seedlings. Similarly, etiolated
seedlings of the max2-1 mutant exhibited highly organized systems of parallel
microtubules at seemingly the same level of organization in any of the treatments
used herein.

As compared to microtubules, actin organization both in light-grown and etiolated
Col-0 seedlings proved to be more resistant to the application of GR24 and TI1S108.
Light exposure strongly reduced actin bundling in all treatments, while in
dark-grown seedlings these parameters remained predominantly unaffected.

The inhibitory effect of TIS108 on hypocotyl elongation and epidermal cell
swelling are in line with the changes of microtubule and actin organization,

possibly associated with fluctuations of strigolactones content.

After summarizing these results, we can conclude that strigolactones control

cytoskeletal remodeling during the inhibition of hypocotyl elongation in a

light-dependent manner.
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8. LIST OF ABBREVIATIONS

ABA
ABPs
ADF
ADP
AF
AlP1
ARA7
Arp2/3
ATD27
AtMPB2C
ATP
BFA
CAP
CCD
CISA-1
CLA
CLASPs
CLSM
Col-0
CP

D14
D27
D53
DAPI
derl
DNA
EB1
epi-5DS
eirl

ER

FABD2-GFP

FtsZ
GDP
GTP
GFP
GR24

1'-HO-MeCLA

JA
KASH
KAI2
LBO
MAPs
MAX
MBD
MEB55
MelJA
MeSA
MES

abscisic acid

actin-binding proteins

actin-depolymerizing factors
adenosinediphosphate

actin filaments

actin-interacting protein 1

ARABIDOPSIS RAB GTPASE HOMOLOG F2B
actin-related 2/3 complex

A. thaliana homolog of rice D27

homolog of MPB2C in Arabidopsis thaliana
adenosinetriphosphate

brefeldin A

cysteine-rich secretory protein
carotenoid-cleavage dioxygenase
cyano-isoindole SL analogue

carlactonic acid

cytoplasmic linker-associated proteins
Confocal Laser Scanning Microscopy

Wild Type Ecotype of Arabidopsis thaliana
capping proteins

DWARF14, Arabidopsis analogue At27, petunia
DWARF27, At(14) Arabidopsis analogue DAD2 and pea RMS4
DWARF53

4',6-diamidino-2-phenylindole
DEFORMED ROOT HAIRS 1
Deoxyribonucleic acid

end-binding-1 protein

5-Deoxystrigol

ethylene insensitive root 1

endoplasmic reticulum

F-actin binding domain fused with GFP
filamenting temperature-sensitive mutant Z
Guanosindiphosphate

Guanosintriphosphate

green fluorescent protein

(rac)-GR24, exogenously applied artificial strigolactone
hydroxymethyl carlactonoate

jasmonic acid

Klarsicht/Anc/Syne-1 homology protein
KARRIKIN INSENSITIVE 2

lateral branching oxidoreductase
microtubule associated proteins

MORE AXILLARY BRANCHES
microtubule-binding domain

SL analogue

methyl jasmonate

methyl salicylate
2-(N-morpholino)ethanesulfonic acid
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MS

MT
PILZ
PIN
PPF

PR

PM
PTMs
RepX
SA

SD

Skp

SL
SMXL
SPIRAL1
ST362
SUN
TALIN-GFP
TIS108
TIS13
tir3
TUAG
TubZ
v-TurRC
WT

Murashige and Skoog

microtubules

protein from Pseudomonas aeruginosa
PIN-FORMED (PIN) protein family of auxin transporters
photosynthetic photon flux

PATHOGENESIS RELATED

plasmatic membrane

post-translational modifications

Plasmid replication protein RepX

salicylic acid

Spinning Disk

Cullin, F-box (SCF)-containing complex
strigolactones

SUPPRESSOR OF MAX2 1-LIKE

SPR1 in Arabidopsis

SL analogue

SAD1/UNC84

GFP fused to the actin binding domain of mouse talin
6-phenoxy-1-phenyl-2-(1H-1,2,4-triazol-1-yl) hexan-1

2,2-dimethyl-7-phenoxy-4(1H-1,2,4-triazol-1-yl)heptan-3-ol

TRANSPORT INHIBITOR RESPONSE
Tubulin a-6

tubulin-like protein

y-tubulin ring complex

Wild Type
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9. SUPPLEMENTARY

Supplementary 1

A) B)
O-.-‘;,O
-
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(A) synthetic analogue of strigolactone GR24 (Steinkellner et al., 2007) (rac)-GR24 or
[(3aR*,8bS*,E)-3-(((R*)-4-methyl-5-0x0-2,5-dihydrofuran-2-yloxy)methylene)-
3,3a,4,8b-tetrahydro-2H-indeno[1,2-b]furan-2-one];

(B) Strigolactone biosynthesis inhibitor TIS108 (Shinsaku et al., 2013) or 6-phenoxy-1-
phenyl-2-(1H-1,2,4-triazol-1-yl) hexan-1-one.
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