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Abstract 

 

The development and growth of Arabidopsis thaliana is regulated by a combination of genetic 

programing and also by the environmental influences. An important role in these processes 

play the phytohormones and among them, auxin is crucial as it controls many important 

functions. It is transported through the whole plant body by creating local and temporal 

concentration maxima and minima, which have an impact on the cell status, tissue and organ 

identity. Auxin has the property to undergo a directional and finely regulated cell-to-cell 

transport, which is enabled by the transport proteins, localized on the plasma membrane. An 

important role in this process have the PIN auxin efflux proteins, which have an 

asymmetric/polar subcellular localization and determine the directionality of the auxin 

transport. During the last years, there were significant advances in understanding how the 

trafficking molecular machineries function, including studies on molecular interactions, 

function, subcellular localization and intracellular distribution. However, there is still a lack of 

detailed characterization on the steps of endocytosis, exocytosis, endocytic recycling and 

degradation. Due to this fact, I focused on the identification of novel trafficking factors and 

better characterization of the intracellular trafficking pathways. My PhD thesis consists of an 

introductory chapter, three experimental chapters, a chapter containing general discussion, 

conclusions and perspectives and also an appendix chapter with published collaborative 

papers. 

The first chapter is separated in two different parts: I start by a general introduction to auxin 

biology and then I introduce the trafficking pathways in the model plant Arabidopsis thaliana. 

Then, I explain also the phosphorylation-signals for polar targeting and also the roles of the 

phytohormone strigolactone. 

The second chapter includes the characterization of bar1/sacsin mutant, which was identified 

in a forward genetic screen for novel trafficking components in Arabidopsis thaliana, where 

by the implementation of an EMS-treated pPIN1::PIN1-GFP marker line and by using the 

established inhibitor of ARF-GEFs, Brefeldin A (BFA) as a tool to study trafficking processes, 

we identified a novel factor, which is mediating the adaptation of the plant cell to ARF-GEF 

inhibition. The mutation is in a previously uncharacterized gene, encoding a very big protein 

that we, based on its homologies, called SACSIN with domains suggesting roles as a molecular 



 
 

chaperon or as a component of the ubiquitin-proteasome system. Our physiology and imaging 

studies revealed that SACSIN is a crucial plant cell component of the adaptation to the ARF-

GEF inhibition. 

The third chapter includes six subchapters, where I focus on the role of the phytohormone 

strigolactone, which interferes with auxin feedback on PIN internalization. Strigolactone 

moderates the polar auxin transport by increasing the internalization of the PIN auxin efflux 

carriers, which reduces the canalization related growth responses. In addition, I also studied 

the role of phosphorylation in the strigolactone regulation of auxin feedback on PIN 

internalization. In this chapter I also present my results on the MAX2-dependence of 

strigolactone-mediated root growth inhibition and I also share my results on the auxin 

metabolomics profiling after application of GR24.  

In the fourth chapter I studied the effect of two small molecules ES-9 and ES9-17, which were 

identified from a collection of small molecules with the property to impair the clathrin-

mediated endocytosis. 

In the fifth chapter, I discuss all my observations and experimental findings and suggest 

alternative hypothesis to interpret my results.   

In the appendix there are three collaborative published projects. In the first, I participated in 

the characterization of the role of ES9 as a small molecule, which is inhibitor of clathrin- 

mediated endocytosis in different model organisms. In the second paper, I contributed to the 

characterization of another small molecule ES9-17, which is a non-protonophoric analog of 

ES9 and also impairs the clathrin-mediated endocytosis not only in plant cells, but also in 

mammalian HeLa cells. Last but not least, I also attach another paper, where I tried to 

establish the grafting method as a technique in our lab to study canalization related 

processes. 
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1 Introduction to auxin biology and endomembrane trafficking in Arabidopsis thaliana 

 

Plants are sessile and they need to adapt to the changing environment. Their ability to survive 

is based on the remodeling of growth and dynamic responses to the biological changes. Many 

of these responses and developmental processes are regulated by the plant hormone auxin. 

In comparison to other phytohormones, it has the property to undergo a directional and finely 

regulated cell-to-cell transport, which is enabled by the transport proteins, localized on the 

plasma membrane. An important role in this process have the PIN auxin efflux proteins, which 

have an asymmetric and polar subcellular localization and determine the directionality of the 

auxin transport. In this chapter we focus on the auxin-regulated development through cellular 

responses, we describe the evolutionary perspective and we discuss the PIN function and 

endomembrane trafficking processes in Arabidopsis thaliana. 

 

1.1 Introduction to auxin biology  

 

1.1.1 Early experiments in auxin research 

 

First insights into the biology of the phytohormone auxin came with the observations of 

Charles Darwin in 1880 that there is a mobile signal, which is effecting the plant tropisms 

(Darwin, 2009). Later Went and Thimann did the first plant physiology experiments with 

auxinic molecules (Thimann, 1939). This signal was suggested to be transported through the 

plant tissues in a controlled manner and it has the property to create concentration gradients 

between the shaded and the illuminated side of a phototropically responding coleoptile 

(Went, 1974).  

The distribution of auxin in the plant body is regulated by a fast and nondirectional flow in 

the phloem with photosynthetic assimilates or by a directional cell-to-cell polar auxin 

transport (PAT), which is critical for the formation of auxin maxima in the developing tissues. 

This fine-tuned polar auxin transport can be explained by the chemiosmotic hypothesis 

(Goldsmith, 1977). The indole-3-acetic acid can exist predominantly in its protonated (IAAH) 

form in the acidic pH of the apoplast, which is allowing it to pass to the plasma membrane by 



 
 

diffusion. However, while in the cytosol where the pH is of around 7, the auxin molecule 

dissociates into its ionic form and cannot exit the cell passively. For this, there are the plasma 

membrane localized auxin efflux carriers, which export auxin out of the cell and direct the 

auxin movement between the cells. 

 

1.1.2 Auxin perception and signalling 

 

The phytohormone auxin is a trigger for the cell growth and differentiation through its 

interaction with the molecular machinery of a cell. One of the best studied mechanism for its 

perception and its response includes the role of a co-receptor, which influences the 

degradation of proteins and the control of transcription. This co-receptor system is the 

Transport Inhibitor Response 1/Auxin F-Box (TIR1/AFB) where auxin is perceived, forming the 

S-Phase Kinase Protein 1 (SKP1)-Cullin-F-box (SCF)-type E-type ubiquitin ligase nuclear 

complex (Dharmasiri et al., 2005; Kepinski and Leyser, 2004; Calderón Villalobos et al., 2012; 

Gray et al., 2001). When the hormone is not present, then the AUXin/Indole-3-Acetic Acid 

(AUX/IAA) repressor proteins interact with the transcription factors of the auxin response 

factor (ARF) family, blocking the gene transcription (Ulmasov et al., 1997; Wu et al., 2012) 

(Figure 1A). They are bound in homodimers on genomic Auxin Responsive Elements (AuxRE) 

sequences, upstream of the auxin regulated genes (Shimizu-Mitao and Kakimoto, 2014; 

Ulmasov et al., 1997; Boer et al., 2014; Nanao et al., 2014; Korasick et al., 2014). When auxin 

is present in the system, then it binds to the TIR1/AFB and it promotes the recognition and 

poly-ubiquitination of Aux/IAA transcriptional repressors by the SCFTIR1 machinery, which is 

followed by proteasome-based degradation and release of auxin-regulated transcription 

(Figure 1A). All of this multiple levels of control result in the broad spectrum of auxin 

responses. The different sensitivities of interaction and specificity of the Aux/IAA 

transcriptional mediators, either with the TIR1/AFB complex or with the ARFs, regulate the 

starting steps of this signalling. There is also a second checkpoint for the alteration in the gene 

expression and this is the specificity of the different ARFs on various AuxRE in the gene 

promoter sequences. In summary, the co-receptor system, which governs the transcriptional 

responses consists of TIR1/AFB receptors, AUX/IAA repressors, ARF transcription factors and 

AuxRE promotor sequences.  
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Figure 1: Auxin perception and receptor systems. (A) Auxin mediated transcriptional regulation by TIR1 (Grones and Friml, 2015). (B) SKP2, 

an atypical auxin binding protein (Grones and Friml, 2015). (C) Proposed model of auxin–TMK1–IAA32 and IAA34 signalling in apical hook 

development (Cao et al., 2019). (D) Overview of the auxin cellular machinery (Grones and Friml, 2015).  

 

In addition, there is also another complex, which can bind auxin in the nucleus similar to the 

TIR1/AFB and it is the S-phase Kinase Protein, SKP2a (Jurado et al., 2010) (Figure 1B). The 

binding of auxin mediates the SKP2a interaction with the Dimerization Partner of E2Fs B 

(DPB), promoting its ubiquitination and degradation (Jurado et al., 2010). There is a 

transcriptional repressor, which is known as DPB, which binds and inhibits the RetinoBlastoma 

Related/E2Fc (RBR/E2Fc) transcriptional factor (del Pozo et al., 2006). The auxin-activated 

SKP2a interacts with DPB, which promotes its ubiquitination and degradation from the 

proteasome, releasing the E2Fc transcriptional factors for targeted gene expression. The 

SKP2a-DPB-E2Fc module has an influence on the development of cotyledons, leaves and 

lateral roots and the action is through regulation of the cell cycle balance between the G2 to 

M transition (del Pozo et al., 2006; Del Pozo et al., 2007).  

The sensing of auxin is also potentially achieved by pathways outside of nucleus, such as the 

auxin binding protein (ABP1) (Figure 1C). It was discovered in maize by the investigations 

aiming for proteins with in vitro auxin binding properties from coleoptiles. By the 

implementation of biochemical methods it was shown that the ABP1 can bind auxin (Cross 

and Briggs, 1978; Löbler and Klämbt, 1985; Shimomura et al., 1999) and that the protein 

confirmation forms an auxin binding pocket (Brown and Jones, 1994; Grones et al., 2015). By 



 
 

using bioinformatics tools and running protein modelling and auxin binding simulations, it was 

predicted that ABP1 forms a dimer, which undergoes conformational changes upon auxin 

binding (Grandits and Oostenbrink, 2014). In addition, auxin stabilizes ABP1 and alters the 

interactions with other proteins (Shimomura et al., 1986; Bertosa et al., 2008). It was also 

predicted that the protein is localized in the endoplasmic reticulum (ER) (Cross and Briggs, 

1979; Inohara et al., 1989), where the pH is of around 7, which differs from the optimal 

binding affinity, which was shown to be at a pH of 5-5.5 (Chen et al., 2014). Additionally, by 

the implementation of electron microscopy imaging it was observed that a small fraction of 

the ABP1 protein is localized in the space between the plasma membrane and the cell wall, in 

the apoplast (Löbler and Klämbt, 1985; Jones and Herman, 1993) or in clusters at the plasma 

membrane (Diekmann et al., 1995). The ABP1 protein potentially interacts on the cell surface 

with the C-terminal peptide binding protein 1 (CBP1), which anchors to the plasma membrane 

through glycosylphosphatidylinositol (GPI) (Shimomura, 2006). Moreover, the functional role 

and localization of ABP1 on the plasma membrane was shown through direct interaction 

experiments with TransMembrane receptor-like Kinase (TMK), which forms an auxin 

perception complex at the cell surface (Xu et al., 2014). The auxin signalling, which is mediated 

by ABP1, is going further through the ABP1’s intracellular genetic interactors, which are the 

Rho like GTPase 2 and 6 (ROP2 and ROP6) and their downstream effectors, ROP-interactive 

CRIB motif-containing protein 1 and 4 (RIC1 and RIC4) (Chen et al., 2012). The ROP/RIC 

machinery results in remodelling the cytoskeleton through effects on actin filaments (AF) and 

microtubules (MT) (Nagawa et al., 2010; Lin et al., 2012). Moreover, the ABP1/ROP/RIC 

signalling module inhibits the endocytosis of clathrin-coated vesicles by auxin (Robert et al., 

2010; Wang et al., 2013; Čovanová et al., 2013). In conclusion, the auxin binding protein 1 

(ABP1) mediates auxin responses from the cell surface, affecting the cell cytoskeleton and 

endocytosis. 

Another branch of the ABP1 signalling is connected with the nuclear TIR1/AFB auxin signalling 

pathway on the basis of transcription regulation of auxin responsive genes. Thus, the ABP1 

stabilizes the Aux/IAA transcriptional repressors or acts negatively on TIR1/AFB auxin 

receptors, which results in an altered gene expression (Tromas et al., 2013). Moreover, the 

binding of auxin to ABP1 interferes with the clathrin-mediated endocytosis of auxin 

transporters from the plasma membrane (Robert et al., 2010; Chen et al., 2012). All of this 
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has an influence on the auxin homeostasis and results in altered gene expression through the 

TIR1/AFB auxin sensing and signalling complex (Tromas et al., 2013). 

Recently, a new auxin signalling mechanism was identified, which acts in parallel to the 

canonical auxin pathway, based on the transport inhibitor response1 (TIR1) and other auxin 

receptor F-box (AFB) family proteins (TIR1/AFB receptors) (Salehin et al., 2015; Weijers and 

Wagner, 2016) and which mediates differential growth during apical-hook development (Cao 

et al., 2019) (Figure 1D). There is an asymmetrical accumulation of auxin at the concave side 

of the hook during the formation state (Liao et al., 2015), which leads to bending of the hook 

due to the inhibition of cell elongation (Li et al., 2004; Žádníková et al., 2016).This process 

represents a model that involves differential auxin concentrations, which compromises three 

sequential steps: formation, maintenance and openings (Raz and Ecker, 1999; Žádníková et 

al., 2010). The newly introduced signalling mechanism operates at the concave side of the 

apical hook, and involves auxin-mediated C-terminal cleavage of transmembrane kinase 1 

(TMK1). The C-terminus of TMK1, which is translocated to the cytosol and nucleus, interacts 

with two non-canonical transcriptional repressors of the Aux/IAA family – IAA32 and IAA34 

and also phosphorylates them. This two transcriptional repressors are stabilized and like this 

they can regulate expression and also inhibit growth, which is a difference to the canonical 

pathway, where Aux/IAA transcriptional repressors are degraded (Cao et al., 2019). High 

levels of auxin trigger the auxin-TMK1 signalling pathway, which originates at the cell surface, 

which also shares transcriptional factors with the TIR1/AFB signalling pathway (Cao et al., 

2019). Like this different concentrations of auxin are generated and complex developmental 

outcomes can be mediated (Cao et al., 2019). 

The role of ABP1 in plant development is characterized on experiments with abp1 mutants. It 

was shown that ABP1 affects the cell cycle progression (Chen et al., 2001; Robinson et al., 

2007; Braun et al., 2008; Tromas et al., 2009) and cell expansion (Jones et al., 1998; Bauly et 

al., 2000; Chen et al., 2001; Braun et al., 2008; Tromas et al., 2009), by transcriptional 

regulation or cell wall modelling (Paque et al., 2014), cytoskeleton reorganization (Chen et al., 

2014; Lin et al., 2012), changes in the cytoplasmic pH (Gehring et al., 1998) and K+ currents 

(Bauly et al., 2000). Unfortunately, there were mistakes in the original characterization of the 

abp1 mutants (Chen et al., 2001)(Habets and Offringa, 2015). The misunderstandings came 

from the fact that the embryo lethality of abp1-1 is due to a mutation in a gene different than 

the abp1 (Gao et al., 2015; Dai et al., 2015; Michalko et al., 2015), while the new null mutants 



 
 

generated by CRISPR/Cas9 technology did not significantly differ in their growth from the wild 

type. Another mutant with a point mutation in the auxin binding pocket abp1-5 (Enders et al., 

2015) was re-sequenced and there were thousands of additional mutations, which might be 

the reason for the described phenotypes. Thus careful re-evaluation of the ABP1 physiological 

roles is essential and the development of the new molecular biology techniques and methods 

is a good starting point for further research on auxin binding, signal mediation and auxin 

response by the ABP1 pathways. 

 

1.1.3 Metabolism of the phytohormone auxin 

 
Tryptophan is a precursor of auxin and the tryptophan amino transferase (TAA) converts it 

into Indole-3-Pyruvic acid (IPyA), which is later converted into Indole-3-Acetic Acid (IAA) by 

the family of Yucca enzymes. In addition, there are four additional IAA precursors, formed 

from tryptophan – indole-3-acetaldoxime (IAOx), indole-3-acetonitrile (IAN), indole-3-

acetamide (IAM) and indole-3-acetaldehyde (IAAId), which can be directly converted to IAA, 

which is the naturally occurring auxin molecule. These precursors have a biological activity 

depending on the tissue and also species (Mano and Nemoto, 2012; Vernoux et al., 2010). 

Moreover, the auxin related processes are supported by free, active IAA, which can be further 

converted to inactive forms such as glucose, conjugates of amino acids or Indole-3-butyric 

acid (IBA). 

Important tools for assessing auxin levels are the artificial auxin responsive promoters, which 

give indirect measure of the auxin concentration in plant cells (Ulmasov et al., 1997). In 

addition, an auxin metabolomics profiling can be implemented to analyse the amount of 

auxinic compounds, with which the active and the inactive forms can be evaluated. This type 

of analysis is useful for the investigation of tissue patterning, developmental dynamics and 

physiological responsiveness  (Efroni and Birnbaum, 2016; Bargmann et al., 2013).  

 

1.1.4 Pathways of auxin transport 

 

Auxin has an important role in nearly every aspect of plant development throughout the 

whole plant. Majority of the hormone is synthesized in apical and lateral shoot meristems, 
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young leaves (Ljung et al., 2001) and in meristems of primary and lateral roots (Vernoux et 

al., 2010). In the plant body, there are the auxin minima and maxima, which are areas, 

differing from the synthesis locations. The auxin transport from cell-to-cell has been 

connected with venation (Sieburth, 1999), cotyledon shape (Koizumi et al., 2000), apical hook 

curvature (Žádníková et al., 2010; Vandenbussche et al., 2010), hypocotyl elongation (Zheng 

et al., 2016), root hair, lateral root formation (Petrášek and Friml, 2009), growth (Overvoorde 

et al., 2010), altered gravitropism (Rashotte et al., 2000; Rahman et al., 2010; Geisler et al., 

2014; Sato et al., 2015), leaf epinasty, salt avoidance, stress tolerance and others (Adamowski 

and Friml 2015).  

For the active transport there are the influx and efflux carrier, which enable the directed cell-

to-cell transport. There are four classes auf auxin transporters - the PIN exporters (Zazímalová 

et al., 2010; Adamowski and Friml, 2015), the PILS ER-localized transporters (Barbez et al., 

2012; Feraru et al., 2012b), the ATP-Binding Casette subfamily-B/P-GlycoProtein Transporter 

/ Multi-Drug Resistance (ABCB/PGP/MDR), which are transporting inward or outwards (Cho 

and Cho, 2013) and AUXin Resistant 1/Like AUX1 (AUX/LAX), which act as auxin importers 

(Swarup and Péret, 2012; Péret et al., 2012). There are also other transporters, which were 

shown to participate in the transfer of auxin: transporters nitrate permease 1 (NRT1) (Krouk 

et al., 2010), Penetration 3/Pleiotropic Drug Resistance 8/ATP Binding Cassette subfamily G36 

(PEN3/PDR8/ABCG36) (Stein et al., 2006; Strader and Bartel, 2009) and Polar Auxin Transport 

Inhibitor 1/PLEIOTROPIC DRUG RESISTANCE 9/ATP Binding Cassette subfamily G37 

(PIS1/PDR9/ABCG37) (Ruzicka et al., 2010). Interestingly, the Walls Are Thin 1 (WAT1) in 

Arabidopsis exports auxin from the vacuole into the cytoplasm (Ranocha et al., 2013) adding 

an additional complexity to the regulation of cellular auxin homeostasis. 

 

1.1.5 Discovery of PINs 

 
In our lab we concentrate on the PIN proteins, which are represented by eight members in 

Arabidopsis thaliana. PIN1, PIN2, PIN3, PIN4 and PIN7 are the once with a long hydrophilic 

loop, located at the PM, while PIN5, PIN6 and PIN8 are located also on the ER, presumably 

importing auxin in the lumen and are the once with a shorter hydrophilic loop (Nisar et al., 

2014; Bosco et al., 2012; Ding et al., 2012; Mravec et al., 2009). The PIN proteins are auxin 



 
 

efflux carriers, which export the phytohormone from the cytoplasm towards the ER or 

apopalst and in this way they regulate the cellular auxin homeostasis. The founding member 

of the PIN family is the PIN1 protein, which is characterized by a phenotype, reminding the 

form of a pin: it consists of stem and missing organs of leaves or flowers due to the fact that 

primordia failed to form at the shoot apical meristem (Okada et al., 1991). In addition, the 

molecular cloning of the PIN1 gene revealed that the PIN protein encodes a transmembrane 

protein with carrier properties (Gälweiler et al., 1998) and a localization to the basal side of 

the stele cells. Another protein of this family is the PIN2 protein, which has agravitropic 

phenotype (Chen et al., 1998; Luschnig et al., 1998; Müller et al., 1998; Utsuno et al., 1998). 

The role of a component in polar auxin transport of root gravitropic response was assigned to 

the identified protein. In transport assays in different systems it was shown that the PIN 

proteins have an auxin efflux capacity (Petrášek et al., 2006; Yang and Murphy, 2009; Barbez 

et al., 2013; Zourelidou et al., 2009). 

Moreover, the PIN expression and localization is detectable from the very first stages of 

embryo development. There are four genes, which are expressed in the embryos – PIN1,3,4 

and 7 and in the single mutants pin4 (Friml et al., 2002a) and pin7 (Friml et al., 2003) early 

embryogenesis defects can be found with increasing severity in the multiple mutants (Friml 

et al., 2003; Blilou et al., 2005; Vieten et al., 2005). The auxin accumulation occurs for the first 

time in the apical cell, which originates after the division of the zygote and auxin remains in 

the apical part of the embryo until a switch occurs around the 32-cell stage, where the auxin 

maximum is detected in the basal parts of the embryo, as well as the uppermost suspensor 

cell (Friml et al., 2003). The polarity of the localization of the PIN proteins corresponds to the 

auxin fluxes as the PIN7 is expressed in the basal domains of the embryo and then it is 

polarized toward the apical cells, while later PIN7 in the suspensor and PIN1 in the stele cells 

of the embryo show basal polarity (Friml et al., 2003). Recent research showed that due to 

the feedback regulation by auxin sources, the PIN polarity switches during embryogenesis and 

in this case the auxin is produced in the suspensor cell and in the maternal tissues and later 

in the apical end of the embryo and like this the apical-basal axis is defined (Robert et al., 

2013; Wabnik et al., 2013; robert et all 2018). With the progression of the embryo 

development, there are additional maxima of auxin response in the sites of cotyledon 

formation. The polarity of the PIN1 protein in the epidermal layer faces the auxin maxima, 

while a canal of cells, expressing the PIN1 protein on the basal side of the inner embryo body 
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is formed, where the future vascular strands are formed by driving auxin away from the 

primordium (Benkova et al., 2003). In the pin mutants, there are cotyledon developmental 

defects, which are pronounced as single, triple fused or improperly shaped cotyledons 

(Benkova et al., 2003; Friml et al., 2003).  

In the later stages of development, the auxin transporters are expressed progressively (Robert 

et al., 2015). Through the coordination of importers and exporters, the flow of auxin through 

tissues and cells can be coordinated and these phytohormone is transported from the shoot 

to the root. The lateral roots emerge from the pericycle layer at the primary root at the sites, 

where the amount of auxin response is elevated (Benkova et al., 2003; Dubrovsky et al., 2008). 

In the case of lateral root primordia, the PIN proteins are redistributed, which marks the 

lateral root initiation and the generation of new auxin maxima (Marhavý et al., 2013). Another 

process, which is connected with rearrangement of PIN proteins is the phototropic bending, 

where the polarity in the hypocotyl changes, which re-alters the auxin flow from basipetal to 

lateral direction (Ding et al., 2011). The auxin morphogens allow the plant to adapt to the 

changing environment by polar auxin transport, which enables plasticity and capacity to 

develop in agreement with the surrounding conditions. In all of the mentioned cases, auxin is 

transported in direction of the tip, which is a stream supplying the root-derived organs with 

auxin, while it depletes the apical organs. The complementary flux through the outer layer 

has opposite directions in apical and basal organs. These two patterns of auxin flow through 

tissues are defined as “fountain” and “reverse fountain” (Benkova et al., 2003). 

 

1.1.6 The phytohormone strigolactone 

 

Next to auxin there are other phytohormones, which participate in the regulation of plant 

growth and development. The strigolactones and karrikins are butenolide compounds, which 

play an important role in those processes (Soundappan et al., 2015). The strigolactones were 

first identified as compounds, which are stimulating the germination of parasitic weeds from 

the family of Orobanche and Striga spp (Cook et al., 1966) (Figure 2). In addition, when the 

nutrients are limited, then SLs promote the symbiosis with arbuscular mycorrhizal (AM) fungi, 



 
 

which permit the exchange of carbon for nitrogen, phosphorus and water (Akiyama et al., 

2005)(Figure 2). Another property of the strigolactones is connected with the inhibition of 

shoot branching, regulating of the root architecture, leaf senescence and secondary growth 

(Gomez-Roldan et al., 2008; Umehara et al., 2008; Agusti et al., 2011; Kapulnik et al., 2011; 

Ruyter-Spira et al., 2011; Rasmussen et al., 2014). 

 

 
 

Figure 2: Strigolactone effects (Figure adapted from Plant cell) 

 

The biosynthesis of strigolactones is derived from the carotenoid pathway (Matusova et al., 

2005) with the activity of various oxygenases (Gomez-Roldan et al., 2008; Umehara et al., 

2008). In Arabidopsis thaliana there are the carotenoid dioxygenase MAX3 (MORE AXILLARY 

GROWTH3) and MAX4 (AtCCD8) and also MAX1 (cytochrome P450), which are participating 

in the biosynthesis of this phytohormone (Turnbull et al., 2002; Sorefan et al., 2003; Booker 

et al., 2005) (Figure 3A). There are more than 20 naturally occurring strigolactone derivatives, 

which play essential roles in the plant growth and development (reviewed by (Lopez-Obando 

et al., 2015)).  
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Figure 3: Biosynthesis and signalling pathways of the phytohormone strigolactone and effect on PIN localization. (A) Biosynthesis pathway 

of strigolactones. (B) Model of strigolactones and karrikin signalling pathways. (C) Representation of PIN1 protein regulation by 

strigolactones and its effect on bud activity. (D) Strigolactones’ effect on the polar auxin transport. 

 

The strigolactone signalling includes the hormone-mediated interaction between receptor 

and F-box protein, degradation of suppressor proteins and activation of transcription factors. 

In the Figure 3B there is a model, which illustrates this signalling cascade. A known receptor 

for strigolactone is the D14 receptor, which is an alpha/beta hydrolase and it does not 

recognize karrikin (Waters et al., 2012). The karrikins are chemical signals, which were found 

in smoke and which promote seed germination (Flematti et al., 2004; Nelson et al., 2009, 

2012). In Arabidopsis thaliana this molecule can enhance the seedling response to light (Jain 

et al., 2006; Kulkarni et al., 2006; van Staden et al., 2006; Nelson et al., 2010). It is suggested 

that the karrikins mimic a butenolide molecule (KAI2 ligand), which is different than 

strigolactone (Flematti et al., 2013; Waters et al., 2014). Moreover, in the presence of 

strigolactone or karrikin, the corresponding receptor recognizes the molecules and hydrolyses 

them. Then the receptor alters its conformation and is able to bind to the F-box protein 

(MAX2), which is a component of the SCF complex, and also to the transcription repressors. 

The next step in the signalling pathway is the degradation of the transcription repressors 



 
 

(smax and smxl) in the proteasome. SMAX1 (suppressor of max2) has seven SMAX-like 

(SMXL2-8) homologs and all 8 genes are members of a gene family with similarity to AtHSP101 

(thermotolerance) (reviewed in (Stanga et al., 2013)). The role of SMAX1 is in repression of 

the germination and the responses of the seedling to light by reduction of the expansion of 

the cotyledons and promotion of the hypocotyl elongation. In addition, SMXL6, 7, 8 stimulate 

the branching, the transport of the phytohormone auxin and the PIN1 accumulation at the 

basal plasma membrane and also the density of the lateral roots. But on the other hand, they 

inhibit the petiole elongation (Soundappan et al., 2015). 

One of the roles of strigolactone is in the shoot branching inhibition and in Figure 3C there is 

a model, which represents the action of it together with auxin in this process. There are two 

putative scenarios for the regulation of this process. The first one is that auxin regulates the 

synthesis of strigolactone (Shinohara et al., 2013). The activity of the bud is inhibited by auxin 

by the elevation of strigolactone biosynthetic genes. The second putative model is connected 

with the auxin transport canalization to connect the bud to the stem. In this process the role 

of strigolactone is to reduce the accumulation of PIN1 on the plasma membrane (Shinohara 

et al., 2013). If the bud is activated, then the canalization takes place and the PIN1 protein is 

localized mostly on the plasma membrane. However, when the outgrowth is inhibited, then 

the PIN1 protein is internalized (Shinohara et al., 2013). On a cellular level, strigolactone 

promotes the internalization of the PIN1 protein, which leads to a decrease in the polar auxin 

transport (Figure 3D). 

 

1.2 Endomembrane trafficking in Arabidopsis thaliana 

 

The cell structure and function is largely determined by the presence of intracellular 

organelles and the cytosol. Both have specific properties, which navigate their function and 

role in specialized mechanisms. The PIN proteins, are transmembrane proteins, which 

regulate developmental processes, environmental responses and cellular auxin homeostasis. 

These auxin efflux carriers traffic through intracellular compartments such as the ER, Golgi 

apparatus, TGN, vacuole and the plasma membrane and this trafficking is enabled by the small 

trafficking vesicles (Figure 4). The secretion of the newly synthesized proteins, their cycling 

between the subcellular domains and also the targeting to the lytic vacuole are strictly 
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regulated trafficking processes. In the next paragraphs I will focus on these subcellular 

trafficking mechanisms.  

The small GTPases, such as Secretion-Associated RAS-related proteins (SARs), Ras genes from 

rat brain (RAB) and ADP-Ribosylation Factor (ARFs), are activated upon the switch of GDP with 

GTP and they act as regulators of the endomembrane trafficking (Rutherford and Moore, 

2002; Yorimitsu et al., 2014; Nielsen et al., 2008). These proteins are inactive and soluble 

when they are bound to GDP. However, when the GDP exchanges to GTP (a process, regulated 

by the GTP exchange factor (GEF)), then they are active and hydrophobic and this enables 

their interaction with lipid layers of membranes, which initiates the mechanisms for vesicle 

formation (Yorimitsu et al., 2014; Cevher-Keskin, 2013; Shin and Nakayama, 2004). The GEF 

proteins are targeted by the fungal toxin Brefeldin A (BFA), which is thus an important tool 

for trafficking manipulations (Figure 4). Moreover, the small GTP proteins become again 

soluble when the bound GTP is hydrolysed to GDP by a specific protein, which is defined as 

GTPase activating protein (GAP) (Spang et al., 2010). The vesicle is formed and released by 

the synchronized action of the GTPases, GEFs and GAPs. 

 

 
Figure 4: Subcellular trafficking mechanisms controlling PIN polarity and degradation.  

 



 
 

In the next paragraphs the anterograde trafficking events from the ER to the Golgi and from 

the Golgi to the TGN and the plasma membrane will be explained.  

 

1.2.1 Secretion 

 

The proteins are synthesized in the endoplasmic reticulum (ER) and then they are co-

translationally imported in the ER membrane via the translocon machinery (Mothes et al., 

1997; Skach, 2009; Vitale and Denecke, 1999).  Later, the sorting process into coat protein II 

(COPII) membrane vesicles takes place and the cargos are transferred to the cis side of the 

Golgi apparatus (Ding et al., 2012; Kang and Staehelin, 2008; Bar-Peled et al., 1995; Brandizzi 

and Barlowe, 2013). Next to the COPII complex, there are vesicles, budding from the ER and 

delivered to the Golgi and this process is regulated by SAR1, SEC12, Soluble N-ethylmaleimide-

sensitive factor Attachment protein Receptors (SNAREs), MAIGO5 (MAG5) and p24 

membrane proteins (Takagi et al., 2013; Montesinos et al., 2013). In the protein secretion 

pathway the SAR1 GTPase is activated by the ER integral protein SEC12, which stimulates the 

interaction of the SAR12 with COPII heterodimer subunits (Hanton et al., 2009; Cevher-Keskin, 

2013; Osterrieder et al., 2009). Through interaction with COPII subunits there are the MAG5 

and p24 proteins which are needed for the formation and budding of vesicle in ER Exit Site 

(ERES). In addition, the SNARE proteins are important for the recognition and tethering of the 

vesicle (vSNARE) to the targeted organelle (tSNARE) (Lipka et al., 2007; Uemura and Ueda, 

2014). The further transport mechanisms are characterized either by a sorting back to the ER, 

which is a process, regulated by the COPI-coated vesicles or another option is that the 

proteins are targeted further to the TGN in the anterograde pathway. 

 

1.2.2 Exocytosis  

 

In the process of association of the cargo and tethering with the early endosome layer, there 

is the Exocyst complex, which regulates this process. It is evolutionary conserved among 

animals, fungi and plants and it has an octameric ultrastructure of six Sec and two Exo 

proteins, which have sequence similarities (Munson and Novick, 2006; Elias et al., 2003). In 

Arabidopsis thaliana there are two genes, which are encoding each of the following proteins: 
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Sec3, Sec5, Sec10 and Sec15 proteins and three genes encoding Exo84 proteins and 23 genes 

coding for Exo70 proteins (Elias et al., 2003; Cvrčková et al., 2012). For the assembly and 

tethering, there are the Exocyst subunits, which interact with each other, but there is also 

interaction with SNAREs, Rab and Rho GTPase (Nagawa et al., 2010; Hála et al., 2008; 

Fendrych et al., 2013). By the implementation of BFA as a tool to study vesicle trafficking it 

was observed that Exocyst 70 has a role in the polar delivery of the PIN1 and PIN2 proteins 

with the Exocyst complex regulating the last step of the anterograde trafficking of PIN 

proteins to the plasma membrane (Tan et al., 2016; Drdová et al., 2013).  

 

1.2.3 Endocytosis 

 

As mentioned earlier, plants have extraordinary adaptation skills, which largely depend on 

the ability of plant cells to maintain and to keep a particular homeostasis of plasma membrane 

proteins including different transporters or receptors. As we explained in the last paragraphs, 

the exocytosis is controlled by a large number of factors, which are targeting the transport 

towards the plasma membrane. On the other hand, there is the process of endocytosis, where 

cargos are internalized, which results in mediation of signals from the extracellular space and 

also plasma membrane rearrangement. The process of endocytosis is mediated by small 

vesicles, which bud from the plasma membrane and are transferred towards the cytosol, 

where they can be united into endosomes. The whole process of initiation of the endocytosis 

is mediated by clathrin, which is a protein, responsible for the recruitment of endocytic 

vesicles (Dannhauser and Ungewickell, 2012; Baisa et al., 2013; Chen et al., 2011). The 

structure of the protein is defined by a heavy and by a light chain, which builds a specialized 

structure of a triskelion (Kirchhausen, 2009). The clathrin triskelion is localized on the plasma 

membrane and supports the formation of the emerging bud, which has the shape of a ball 

(Kirchhausen, 2009; Dannhauser and Ungewickell, 2012). It is known that the PIN proteins in 

Arabidopsis thaliana undergo clathrin-mediated endocytosis (Dhonukshe et al., 2007). 

Through the analysis of the clathrin mutants it was shown that this protein plays essential 

roles in many crucial developmental processes, efficient auxin transport, PIN endocytosis and 

proper PIN polar distribution (Kitakura et al., 2011; Dhonukshe et al., 2007; Wang and Ruan, 

2013). In our model organism there is no well-defined mechanism for clathrin-independent 



 
 

mechanism for uptake of auxin transporters (Onelli et al., 2008; Bandmann and Homann, 

2012; Li et al., 2012; Baral et al., 2015; Fan et al., 2015). 

In the past studies on polar auxin transport, mutants like Transport Inhibitor Response 3/BIG 

(TIR3/BIG) were identified (Ruegger et al., 1997). Through the implementation of BFA as a 

tool to study trafficking processes it was observed that a mutation in the TIR3/BIG protein 

impairs the regulation of PIN1 endocytosis by auxin identifying TIR3/BIG is important auxin 

transport regulator (Paciorek et al., 2005). A role of both clathrin and BIG protein in the 

endocytosis of PIN1 was thus established, however still no direct connection was identified. 

 

1.2.4 Constitutive recycling 

 

In plants the TGN is a hub where the re-direction of many trafficking processes takes place 

(Ito et al., 2012; Groen et al., 2014). It is interconnecting the vesicle communication between 

the plasma membrane, Golgi apparatus and vacuole, but it is also indirectly connected with 

the nucleus and ER through the Golgi apparatus. Towards the PM the transport is enabled 

through endosomes and towards the vacuole through MultiVesicular Bodies/PreVacuolar 

Compartment (MVB/PVC). The regulation of the sorting into specific trafficking pathways is 

defined by different GTPases and their regulatory GEFs and GAPs.  

The PIN proteins are not statically localized on the plasma membrane, but continuously cycle 

between their polar domain at the plasma membrane and the endosomes. This conclusion 

was made from the observation that the fungal toxin BFA causes the accumulation of the PIN1 

protein into BFA bodies, which is a reversible process after the removal of BFA (Geldner et al., 

2001). BFA acts on the subset of the ARF-GEFs, which are the activators of ARFs, being 

important for the formation of coated vesicles mediating trafficking processes of the 

endomembrane system. GNOM is an ARF-GEF, which regulates the endocytic recycling and 

the polar localization of the PIN proteins. There are severe phenotypes of the gnom mutants, 

such as shorter root length, fused or cup-shaped cotyledons and also inhibited development 

(Geldner et al., 2004; Richter et al., 2010; Anders and Jürgens, 2008; Koizumi et al., 2000). 

Through the phenotypic characterization of the gnomR5 mutant, it was shown that GNOM has 

an important role for the meristem maintenance (Geldner et al., 2004). In addition, through 

immunolocalization studies it was observed that the embryo axis formation is defective and 
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there is a defective PIN1 delivery to the plasma membrane in the gnom mutant embryos 

(Steinmann et al., 1999). Further research on the role of GNOM in the basal delivery of the 

PIN1 protein was performed by the implementation of BFA (Nebenführ et al., 2002; Geldner 

et al., 2003). By treatments with different BFA concentrations, it was observed that the 

polarity of the PIN1 protein is GNOM-dependent (Geldner et al., 2001, 2003). When 

prolonging the incubation time with BFA, the PIN1 protein moves from the basal to the apical 

site of the cell in a process known as transcytosis (Kleine-Vehn et al., 2008a). Additionally, 

there are two other proteins, which are similar to GNOM and they play important role in the 

early or late protein trafficking. One of them is GNOM LIKE1 (GNL1), which is BFA insensitive 

and is essential for the endocytosis of the PIN proteins. It is also important for the Golgi 

apparatus integrity and is a regulator of the trafficking from Golgi to the ER (Teh and Moore, 

2007). Another ARF-GEF from GNOM-type is GNOM-LIKE2 (GNL2), which is active in the polar 

growth of the root hairs and pollen tubes and is able to substitute for GNOM in the process 

of PIN1 polar recycling (Jia et al., 2009). By the implementation of BFA as a tool to study 

GNOM-mediated trafficking, we discovered new components of trafficking processes. In the 

past, there were forward genetic screens, which were based on microscopy of altered 

sensitivity of PIN localization to BFA, where the role of additional trafficking components was 

established (Tanaka et al., 2009; Zwiewka and Friml, 2012). In those screens trafficking factors 

as BFA-visualized endocytic trafficking defective 1 and 2 (BEN1 and BEN2) proteins, which are 

described as components of the endocytic recycling and vacuolar targeting, were identified 

(Tanaka et al., 2009, 2013). Moreover, by the implementation of a similar experimental 

setting, the role of membrane trafficking factors like BFA-visualized EXocytic trafficking 

defective 1, which plays a role in the endocytic recycling and BEX5, which is a member of the 

RAB protein family was elucidated (Tanaka et al., 2014; Feraru et al., 2012a). Both factors are 

regulators of exocytic events and both factors show higher sensitivity to the vesicle trafficking 

inhibitor BFA and are involved in the process of exocytosis of early endosomes or anterograde 

vesicles, which are budding from the TGN to the PM.   

Another important trafficking regulator is the VAN3 (Vascular Network) protein, which is 

another member of the GTPase machinery (Koizumi et al., 2000). VAN3 is an ARF-GAP, which 

activity is pronounced in TGN/EE and the plasma membrane (Koizumi et al., 2005; Naramoto 

et al., 2009, 2010).  

 



 
 

1.2.5 Degradation into vacuoles 

 

On the way to the lytic vacuole, there are the PVC/MVB, known as the late endosomes, which 

are a sorting hub for receptors and ligands on their way to the vacuole. The trafficking 

pathway was characterized with the help of chemical inhibitors like wortmannin, which is an 

inhibitor of phosphatidylinositol 3-kinase (Emans et al., 2002) targeting the PVC-based 

trafficking (Jaillais et al., 2006). Another compound is BFA, which also affects the vacuolar 

targeting as the amount of some cargo proteins after treatments is reduced in the lytic 

vacuole (Kleine-Vehn et al., 2008c). The results show that there is an ARF-GEF mediated, BFA-

sensitive trafficking from endosomes to the vacuole (Kleine-Vehn et al., 2008c). Next to this 

pathway, there is also the requirement for vacuolar-sorting receptors (VSRs), which are 

recycled (Seaman, 2005) a process, mediated by the retromer, a heteropentameric complex 

consisting of a dimer of sorting nexin proteins (SNX) and a trimer composed of vacuolar 

protein sorting (VPS) 26, VPS29 and VPS35 proteins (Seaman, 2005; Bonifacino and Hurley, 

2008; Collins, 2008). SNX1 and VPS29 participate in the recycling of PIN2 (Jaillais et al., 2006) 

and PIN1 (Jaillais et al., 2007) at the plasma membrane.  

Another role of SNX1 and VPS29 is in a pathway that retrieves PIN proteins from the PVC back 

to the recycling pathways, thus keeping the balance between vacuolar targeting and recycling 

of PIN proteins (Jürgens and Geldner, 2007; Kleine-Vehn et al., 2008c). To enable the 

incorporation of the PVC/MVB with the lumen for the lytic degradation in the vacuole, there 

is the endosomal-sorting complex, required for transport (ESCRT) machinery (Piper and 

Katzmann, 2007), which counteracts the function of the retromer. The retromer transports 

transmembrane proteins from the endosomal membrane and returns them to the TGN, on 

the other hand, there are ESCRT proteins, which sort the target proteins from the membrane 

into the lumen of the endosomes.  

 

1.2.6 Phosphorylation-related signals for polar targeting 
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The mutant pinoid (pid) was identified in a screen for mutants that have lost their ability to 

build flower primordia (Bennett et al., 1995). The protein encodes a member of the AGCVIII 

family of protein kinases (Christensen et al., 2000) and it has a function in auxin transport 

(Benjamins et al., 2001). When overexpressing the protein, the main root collapsed, which 

was correlated with the loss of local auxin maximum in the root apex (Benjamins et al., 2001; 

Friml et al., 2004). In the shoot apical meristem of the pid mutant, there is the apical-to-basal 

polarity switch of the PIN1 protein (Friml et al., 2004), which confirms the function of the PID 

protein in the PIN apical versus basal polarity determination. The action of PID and its 

homologs is to phosphorylate the PIN protein hydrophilic loops at three highly conserved 

motifs (Michniewicz et al., 2007; Huang et al., 2010; Zhang et al., 2010). Next to the PID 

activity, there is the phosphatase activity of the protein phosphatase 2A (PP2A), which is 

essential for the PIN polarity regulation. In the PP2AA-deficient plants, there is a basal-to-

apical polarity shift of PIN1, PIN2 and PIN4, which indicates that the dephosphorylation of the 

PINs promotes basal localization (Michniewicz et al., 2007). In summary, the PID-mediated 

phosphorylation promotes the PIN localization to the apical cell side and the 

dephosphorylation by PP2A leads to basal PIN polarity (Adamowski and Friml, 2015). 

There is also another group of proteins from the same family of protein kinases, which 

includes D6 protein kinase (D6PK) and D6 protein kinase-likes (D6PKL), which are also 

important factors for the polar auxin transport. Loss of the activity resulted in phenotypes, 

which correspond to phenotypes, typical for the reduced PAT rates (Zourelidou et al., 2014; 

Willige et al., 2013). D6PK phosphorylates the PIN proteins, but does not affect their polar 

localization (Willige et al., 2013) and it activates the auxin efflux activity of the PINs. 

 

1.2.7 Auxin feedback regulation of PIN-mediated auxin transport 

 

Tsvi Sachs proposed a self-organizing property for polar auxin transport on the level of organs 

and tissues, which is known as the canalization hypothesis (Sachs, 1981). If there is a source 

and a sink of auxin, then the cells polarize their auxin transport activities towards neighbors, 

which already transport auxin. Thus, the local flow of auxin affects the cells to alter the 



 
 

direction of the flow and strength, which forms a narrow and well-defined canal of cells, which 

efficiently transport auxin to connect the source with the sink. The canalization hypothesis is 

important for processes like de novo vascular tissue formation or its regeneration. The parts 

of the plant body will be connected by the cells, forming the canals for polar auxin transport, 

which will differentiate into stele cells. As a result, auxin has the property to influence the 

directionality and capacity of a cell’s auxin transport. (Sauer et al., 2006) designed 

experiments on wounded pea epicotyls (Pisum sativum) to study the auxin flow on the 

example of the PIN1 protein, which polarized around the wound, which later differentiated 

to reconnect the vascular strand. The PIN proteins are good candidates as target for the 

canalization mechanism as auxin is regulating their localization and expression (Adamowski 

and Friml, 2015). 

 

1.3 Summary 

 

A large spectrum of developmental processes are regulated by auxin (Friml et al., 2003). The 

auxin efflux carriers of the PIN family have a polar, plasma membrane localization and they 

determine the direction of the auxin flow, which modulates different aspects of development, 

including gravitropism, phototropism, embryogenesis, organogenesis, vascular tissue 

formation and regeneration as well as others (Vanneste and Friml, 2009). For the fulfillment 

of their diverse roles, the PIN proteins are regulated by different factors at the levels of 

transcription as well as cellular polar, subcellular localization, which results from trafficking 

processes like secretion, endocytosis, recycling, and vacuolar trafficking. Endogenous signals, 

including auxin and other hormones, like strigolactone, have impact on the regulatory steps 

in order to fine-tune PIN localization and function (Shinohara et al., 2013). In summary, plants 

have developed specific mechanisms, in which endogenous and exogenous signals, regulate 

the PIN trafficking and the auxin distribution, which provides guidelines for many aspects of 

growth and development (Adamowski and Friml, 2015). 
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2 SACSIN mediates adaptation of plant cells to ARF-GEF inhibition 

 

2.1 Abstract 

 

Similar to all eukaryotes, the plant cells, are structurally and metabolically divided into 

different compartments, where the communication between them is enabled by vesicle 

trafficking. Due to the changing environment, the endomembrane trafficking needs also to 

adapt to the alterations. This process depends on the vesicle budding where important 

regulators are the ARF GTPases, acting as molecular switches. Thus, their activators ARF-GEFs, 

such as GNOM, are essential for many cellular processes including the polar targeting of PIN 

transporters for the plant hormone auxin. We used the established inhibitor of ARF-GEFs, 

Brefeldin A (BFA) and designed a morphology-based forward genetic screen on EMS 

mutagenized PIN1-GFP population of Arabidopsis. We identified bar1, which shows BFA-

insensitive growth but on the subcellular level, it fails to adapt to BFA-mediated inhibition of 

trafficking. The mutation is in a previously uncharacterized gene, encoding a very large 

protein called SACSIN with domains suggesting roles as a molecular chaperon or as a 

component of the ubiquitin-proteasome system. Our physiology and imaging studies revealed 

that SACSIN is a crucial plant cell component of the adaptation to the ARF-GEF inhibition. 

 

2.2 Introduction 

 

The model organism Arabidopsis thaliana has a complex endomembrane system, which has 

a lot of specialized intracellular trafficking pathways (Paul and Frigerio, 2007). For the 

membrane protein trafficking, the cargo proteins have to be packed into membrane vesicles, 

which bud from a donor compartment and later fuse with an acceptor compartment by 

releasing the cargo. This process of vesicle formation requires ARF GTPases, which mediate 

the recruitment of vesicle coats at the donor membrane (Singh et al., 2018). ARFs act as 

nucleotide-dependent molecular switches regulating cell processes by action on effectors 

(Singh et al., 2017). For this process to take place the small GTPases of the ARF class are 

activated or inactivated by the binding or hydrolysis of GTP. The GTPase-activating proteins 

(GAPs) stimulating the release of phosphate, whereas the exchange of GDP to GTP is 



 
 

mediated by guanine nucleotide exchange factors (GEFs). They constitutively cycle between 

a membrane-associated and active GTP-bound form and a mainly cytosolic and inactive GDP-

bound conformation (Vernoud et al., 2003; Grosshans et al., 2006). After being activated, the 

ARF proteins are able to recruit cytosolic coat proteins Coat Protein Complex I (COPI), COPII, 

and clathrin to the vesicle budding site at the Golgi apparatus,  trans-Golgi network (TGN), 

plasma membrane (PM), and endosomal compartments (Serafini et al., 1991; Bonifacino and 

Lippincott-Schwartz, 2003) and they regulate diverse processes such as vesicle budding (Zerial 

and McBride, 2001; Vernoud et al., 2003; Rutherford and Moore, 2002). The studies of the 

ARF-GEFs and their cellular and developmental roles have been greatly aided by the 

implementation of BrefeldinA (BFA), a fungal toxin specifically targeting the ARF-GEFs 

(Mossessova et al., 2003). 

In Arabidosis thaliana there are eight large ARF-GEFs, which can be split into two different 

subfamilies: the GGG class, which includes GNOM, GNOM-LIKE1 (GNL1) and GNL2 and in the 

BIG class, which contains five members – from BIG1 to BIG5. Moreover, in this model 

organism, two of the ARF-GEFs are BFA insensitive – GNL1 and BIG3 (Anders and Jürgens, 

2008). Additional proteins, which participate in the GTPase machinery are the ARF-GAPs. The 

family consists of 15 members, which can be grouped in 7 classes (Singh et al., 2018).  Among 

the known ARF-GAPs there is the VAN3/SCARFACE protein, which is active in TGN/EE and 

plasma membrane and is participating as trafficking regulator on the plasma membrane and 

appears to play a crucial role in auxin-related patterning (Koizumi et al., 2005; Naramoto et 

al., 2009, 2010). 

The phytohormone auxin participates in many crucial developmental processes and regulates 

various cellular responses in plants (Adamowski and Friml, 2015). There, the plasma 

membrane proteins can recycle from between the plasma membrane and the endosomes 

(Geldner et al., 2001). This endocytic recycling allows the regulation of the protein amount at 

the plasma membrane as well as the changes in the polar distribution of the PIN auxin efflux 

carriers, which defines the cell-to-cell auxin transport and mediates the directionality of it. 

This is crucial for the embryogenesis, organogenesis and also during gravitropic and 

phototropic response in plants (Friml et al., 2003; Benkova et al., 2003; Rakusová et al., 2016). 

The PIN auxin transporters undergo constitutive clathrin-mediated endocytosis and 

subsequent recycling to different polar domains. This vesicle trafficking process, requires 

GNOM ARF-GEF (Geldner et al., 2003; Mossessova et al., 2003; Kleine-Vehn and Friml, 2008; 
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Naramoto et al., 2014; Anders and Jürgens, 2008) and other ARF GEFs (Tanaka et al., 2009, 

2013; Kitakura et al., 2017; Kania et al., 2018). 

The inhibition of the recycling of the PIN proteins through the endomembrane compartments 

results in the formation of so called BFA bodies after short treatment (Geldner et al., 2001).  

After prolonged treatment, the cells gradually adapt to BFA; BFA bodies dissipate but PIN 

proteins transcytose from the basal to the apical side of the cell (Kleine-Vehn and Friml, 2008; 

Kleine-Vehn et al., 2008b). Nonetheless, the mechanism, by which cells adapt to the 

compromised ARF-GEF activity, is unknown.  

Previously, microscopy-based genetic approaches using PIN1pro::PIN1-GFP line led to 

identification of trafficking mutants such as ben1 (bfa-visualized endocytic trafficking 

defective1), which mediates endosomal trafficking and encodes AtMIN7/BIG5; ben3, which 

encodes a member of BIG family ARF GEFs, BIG2 and confers BFA sensitivity to the TGN/EE; 

or bex5 (for BFA-visualized exocytic trafficking defective), which has defects in the exocytosis 

trafficking small GTPase, RAS GENES FROM RAT BRAINA1b (RabA1b) (Tanaka et al., 2009; 

Feraru et al., 2012; Kitakura et al., 2017). Whereas the ben mutants show less sensitivity to 

the BFA treatment, bex1 (Tanaka et al., 2013) and bex5 (Feraru et al., 2012) show higher 

sensitivity to BFA and form more pronounced BFA bodies. The listed examples are an evidence 

that screens in Arabidopsis thaliana based on alterations in the localization or intensity of the 

fluorescent marker and involving pharmacological treatment represent a good tool for the 

identification of novel trafficking components (Zwiewka and Friml, 2012). 

Here we took advantage of the morphological defects induced by BFA and screened for 

mutants developing better on medium supplemented with BFA.  We identified a recessive 

mutant bar1 (bfa altered response 1), which grows better on a BFA-containing medium but is 

unable to adapt its subcellular trafficking to a prolonged BFA exposition. Mapping of the 

causative mutation and analysis of additional alleles identified SACSIN gene coding for a large, 

protein of an unknown function as a first component of a so far elusive mechanism of vesicle 

trafficking adaptation to adversary conditions. 

 

2.3 Results 

 



 
 

2.3.1 Forward genetic screening for Brefeldin A-resistant mutants 

 

We designed a forward genetic screen for the identification of novel trafficking components 

in Arabidopsis thaliana. For this, we made use of a well-established inhibitor of vesicle 

trafficking, Brefeldin A (BFA), which causes accumulation of plasma membrane proteins, such 

as basal localized PIN1, into intracellular aggregates, which are known as BFA bodies. We used 

an EMS-mutagenized PIN1pro::PIN1-GFP Arabidopsis population and we screened for mutant 

candidates, which are growing better in a BFA-supplemented in vitro culture (Figure 1A).  

 

 
Figure 1: Outline of the forward genetic screen for the identification of novel trafficking components in Arabidopsis thaliana. (A): 

Morphology based screen for mutants with altered developmental response on 20 μM BFA-supplemented medium. Bar1-2 is growing better 

on BFA supplemented media in comparison to the parental PIN1pro::PIN1-GFP line. (B) Confocal imaging of the selected mutant candidates, 

which grow better upon inhibited ARF-GEF by the fungal toxin BFA. In the vasculature cells PIN1:GFP is localized in the basal side of the cell 

in wild type and in the mutant. Upon longer incubation with BFA containing solution (1 day), this lead to apicalization and few small BFA 

bodies in PIN1pro::PIN1-GFP, while the mutant preserves aggregates of internalized PIN1:GFP. (C) Graph, which represents the quantification 

of BFA bodies remaining in the bar 1-1 and bar 1-2 mutants after treatment with 20 μM BFA for 1 day. (D) Graph, which represents the leaf 

parameters of the point mutant, the T-DNA insertional lines and the corresponding controls on a plate, containing 20 μM BFA. The mutant 

has longer and wider leaves, compared to the control. (E) Better growth and development of the SALK_031363 and SALK_008280 T-DNA 

insertional lines on BFA supplemented medium compared to the Col-0 control.  
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We screened approximately 36.000 seeds (87 pools) for altered growth sensitivity on half 

strength Murashige and Skoog medium with 1% sucrose (½ MS) supplemented with 20 μM 

BFA, compared to non-mutagenized PIN1pro::PIN1-GFP seeds grown in the same conditions. 

We retained 120 seedlings, which were grown to maturity and their offspring were 

rescreened both for insensitive growth on 20 μM BFA supplemented ½ MS. We selected 48 

lines with variable growth insensitivity on 20 μM BFA-supplemented solid medium. After the 

selection for morphology phenotypes, we performed cell biology characterization where we 

screened for the altered PIN1 protein accumulation in BFA bodies after long treatment with 

BFA (1d of 20 μM BFA) (Figure 1B). From this approach we identified bar1 (bfa altered 

response 1) which shows growth resistance on an ½ MS supplemented with 20 μM BFA and 

which is characterized by persisting PIN1-GFP BFA bodies after 1d treatment with 20 μM BFA 

(Figure 1C). In order to identify the causal mutation for the bar1 phenotypes, we implemented 

the classical mapping with markers and a Next Generation Sequencing (NGS) approach 

(Jander, 2006; Weigel and Glazebrook, 2006). For this we generated mapping populations by 

backcrossing the bar1 mutant to PIN1pro::PIN1:GFP parental plants or to Landsberg erecta 

ecotype. The F2 seedlings were screened for PIN1:GFP accumulation after 1 day incubation 

on 20 μM BFA containing ½ MS in vitro cultures on solid medium. By the implementation of 

rough mapping with genomic markers, we found that the mutation is located on the 5th 

chromosome between the markers T6I14 and nga139. For the NGS, we isolated high quality 

genomic DNA from around 60 plants, which were backcrossed to the parental line. This 

approach revealed a mutation in a gene on chromosome 5, At5G23110, which encodes a 

predicted, unusually large protein of unknown function. In bar1-1, there is a G to A 

substitution at the position 1173, which causes an early stop codon that impairs the 

translation after 390 amino acids of a 4706 amino acids long protein. Independently, we found 

an allelic mutant, which we named bar1-2 and it also shows a growth resistance on a BFA 

supplemented medium and it has bigger leaves in comparison to the parental line (Figure 1A 

and 1C). It has a C to T mutation at the position 6964 of the AT5G23110 locus. The mutation 

causes a premature stop codon after 2153 amino acids (Figure 2A). Similar to bar1-1, this 

allele preserves BFA aggregates following prolonged BFA treatment (1d 20 μM BFA) (Figure 

1B and 1C).  

To confirm that the mutations in AT5G23110 are responsible for the phenotype, we analysed 

two T-DNA insertion alleles, SALK_031363 and SALK_008280 (Figure 1E). The homozygous 



 
 

mutants show similar phenotype to bar1-1 and bar1-2 regarding the growth resistance to BFA 

(bigger leaves and cotyledons) (Figure 1D and 1E) and the increased sensitivity to prolonged 

BFA treatment on cellular level (persisting BFA bodies after the long treatment with BFA). We 

also did qRT-PCR analysis of the T-DNA insertional lines and of the bar1-2 point mutant and 

we verified that there is none or very less gene expression compared to the corresponding 

controls (Suppl. Fig. 1). 

Thus our morphological BFA screen was instrumental to identify that mutation in AT5G23110 

confers changed growth and trafficking sensitivity to ARF-GEF inhibition by BFA. 

 

2.3.2 AT5G23110 encodes SACSIN protein 

 

The AT5G23110 gene has a size of 17576 bp, where the coding sequence is 14121 bp (Figure 

2A). It is a single copy gene, which is ubiquitously expressed (Hruz et al., 2008). By cloning a 

2300 bp promoter region controlling the GUS expression, we observed the GUS staining in 

the vasculature cells of the root tip, in the hypocotyl, in the vasculature of cotyledons and 

leaves (Figure 2B). In addition, we verified that the gene expression in the root tip by a 

promotor fusion with NLS-GFP (Figure 2C). Moreover, in the genevestigator data (Figure 2D), 

the highest gene expression is observed in the chalazal endosperm, in the root protophloem 

and in the giant cell. 
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Figure 2. BAR1 gene and protein structure, gene expression and co-expression graph. (A) Schematic representation of the bar1 locus. Exons 

are represented by boxes, while introns are shown as lines. Coding regions are filled with yellow. Exact locations of the T-DNA insertions are 

depicted by arrows and the exact location of the point mutations are illustrated by triangles. (B) Expression of pSACSIN::GUS in the stele 

cells of the root, in the vasculature of the leaf and in the hypocotyl.  (C) Expression of pSACSIN::NLS-GFP in the root tip. (D) Genevestigator 

data on the gene expression of the gene AT5G23110. (E) Domain organization of the BAR1 protein. The predicted domains are illustrated as 

rectangular. In blue these are the HSP 90-like ATPase domains, in striped blue there is the degenerate HSP 90-like ATPase domain and in 

grey there is the C3HC4-type RING finger domain. The stop codon and the corresponding amino acid number are illustrated in red. (E) STRING 

co-expression graph of SACSIN and BIG. 

 

The protein motif prediction suggests two large repeat regions that have a HSP90-like ATPase 

function and one degenerate domain with the same function, as well as a C3HC4 RING-finger 

domain at the carboxyl terminus (Figure 2E). Based on the presence of these conserved 

domains, some of which are present in molecular chaperons and components of the 

ubiquitin-proteasome system. Moreover, the protein is a member of the Zinc-finger family, 

possessing a C3HC4 domain in a RING conformation (Kosarev et al., 2002), which is a motif 

encoded by the Really Interesting New Gene (Freemont et al., 1991). In addition, it is known 

that those class of proteins participate in a large number of cellular processes such as 

recombination, transduction and transcription (Stone et al., 2005) and play important roles in 

various physiological processes of plant life. Other functions are linked to protein-protein 

interaction and a key role in the ubiquitination pathway (Lorick et al., 1999; Borden, 2000). 



 
 

Thus, this protein is prone to interact with other proteins and presumably to regulate 

proteostasis (Powers and Balch, 2013). In addition, our evolutionary analysis showed the 

AT5G23110 protein is conserved and is present in the genome of some of the very early 

diverging plant species like the green algae, Marchantia or Physcomitrella patens (Suppl. Fig 

2A).  

In humans, the SACS gene encodes a similar protein with a ubiquitin-like (UBL) domain, which 

has a role in the proteasome binding, three large domains with an HSP90-like chaperone 

function, a DnaJ and a HEPN domain, which can dimerize (Bradshaw et al., 2016) (Suppl. Fig. 

2B). Mutations in this gene lead to a neurodegenerative disease ARSACS, which causes a 

defect in the mitochondria fission (Bradshaw et al., 2016). Due to the homology with the 

protein encoded by AT5G23110, which is pronounced in the similarity in the HSP 90-like 

ATPase domains, we named the AT5G23110 gene AtSACSIN and the corresponding predicted 

protein AtSACSIN. 

In addition, functional protein association network predicted by STRING (Figure 2F) 

(Szklarczyk et al., 2017) found several possible associated proteins including translation 

factors, as well as the BIG/Callosin-like protein, which is known to have a role in trafficking of 

auxin transporters (Gil et al., 2001). The connection to the BIG protein is of a particular 

interest, as big loss-of-function alleles show, similar to bar mutants, defects in BFA-sensitive 

PIN trafficking (Paciorek et al., 2005). 

 

2.3.3 Plant growth and development in sacsin mutans 

 

To gain insight into possible developmental roles of AtSACSIN, we utilized bar1-2, 

SALK_031363 (sacsin-1) and SALK_008280 (sacsin-2) mutant alleles and analysed their 

seedling development. We grew seedlings for 6 days on a ½ MS plate and then transferred 

them to a 20 μM BFA containing ½ MS plates, where bar1-2 had a more resistant phenotype 

in comparison to the control seedlings (PIN1pro:PIN1-GFP) (Figure 1A and 1E) . 

We also characterized the sacsin phenotype in normal conditions (on a ½ MS solid medium). 

The original bar1 allele showed slightly longer primary root length (Figure 3A and 3B) and an 

increased density of the initiated lateral roots (Figure 3A and 3C). 
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Figure 3. Morphology phenotypes of sacsin (A) Representative image of the PIN1pro::PIN1-GFP and bar1-2 seedlings growth and 

development on ½ MS solid medium. (B) Primary root length in cm in the bar1-2 and sacsin and in the corresponding controls. Bar1-2 has a 

significantly longer and the sacsin T-DNA insertional alleles have slightly longer, but not significant, primary root. (C) Density of the initiated 

lateral roots in sacsin and in the corresponding controls. Bar1-2 has a significantly increased density of lateral roots and the sacsin T-DNA 

insertional lines have slightly increased density of LR, but not significant. (D) Representative images of analysed vasculature defects. (E) 

Quantification of the observations on the vasculature phenotype in the corresponding genotype. The sacsin mutant has a more complex 

vasculature pattern. 

 

We also analysed the vasculature formation during leaf venation. After clearing of the 

cotyledons, we noticed venation alterations in sacsin mutants (Figure 3D), manifested by 

increased number of loops, ectopic position of loops and open veins (Figure 3E). Next, we 

characterized the role of sacsin in the gravitropic response. We performed a kinetic study of 

the root bending after gravistimulation and did not observe any obvious defects (Suppl. Fig. 

3D). We also analysed other growth parameters such as hypocotyl elongation and bending in 

the dark (Suppl. Fig. 3A and 3B), apical hook opening (Suppl. Fig. 3C) and seed length and seed 

width (Suppl. Fig. 3E and 3F). 

With exception of more irregular leaf venation pattern, sacsin mutants do not show any 

obvious developmental aberrations when grown under standard conditions. 

 



 
 

2.3.4 Endomembrane and subcellular trafficking in sacsin mutants 

 

Next, we analysed a role of SACSIN in subcellular trafficking by quantitatively assessing various 

trafficking processes in sacsin mutants. First, we assessed endocytosis rate and 

endomembrane dynamics by monitoring uptake of the lipophilic dye FM4-64, which is 

internalized with the endocytic vesicles and as a result stains the early endosomes (Jelínková 

et al., 2010). This analysis did not reveal any significant differences in the endocytosis rate 

between sacsin mutants and control lines (Suppl. Fig. 4A). 

 

 

Figure 4: Non-BFA related cell phenotype of sacsin. (A) Before the photoconversion, there is green signal, but no magenta signal. After the 

photoconversion the old pool of PIN2 protein can be visualized in the magenta channel and there is a decrease in PIN2-Dendra magenta 

signal and increase in the green signal over time, reflecting the rate of endocytosis and exocytosis and secretion, respectively. The mean 

grey value was quantified and normalized for a time period of 55 min after the photoconversion. There is no significant change in the rate 

of endocytosis and secretion or exocytosis in the signal when comparing the mutant background to the control. (B) Secretion of the PIN1-

RFP protein to the plasma membrane for a time frame of 6h after induction with 10 μM β-estradiol. There is no significant change in the 

amount of secreted PIN1-RFP protein after the induction.  

 

Next, we used the photoconvertible  pPIN2::PIN2-Dendra line (Salanenka et al., 2018). After 

irreversible Dendra photoconversion from green to red, we examined the fate of the already 
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present PIN2 (magenta) and of the newly synthesized PIN2 protein (green). We quantified the 

depletion of the magenta signal from the plasma membrane over time corresponding to the 

PIN2 endocytosis. On the other hand, we monitored the recovery of the green signal, which 

corresponds to the newly synthesized PIN2 at the plasma membrane. Again, we did not 

observe any significant alterations in PIN2 endocytosis and secretion in the sacsin mutant 

(Figure 4A). To confirm the PIN2-Dendra observations, we performed the fluorescence 

recovery after photobleaching (FRAP) and live imaging of the parental PIN1pro::PIN1-GFP and 

bar1-2 lines (Suppl. Fig. 4B). A region of interest of the PIN1-GFP fluorescence was almost 

completely bleached in the whole cell, so that the signal recovery indicated predominantly 

the delivery of the de novo synthesized PIN1. Again there was no obvious difference between 

the FRAP kinetics in the parental and mutant line. Next, we used the estradiol-inducible PIN1-

RFP line to analyse the fate of the newly synthesized PIN1 protein. We did a kinetic study on 

the secretion of the newly synthesized PIN1 protein to the plasma membrane by quantifying 

the mean grey value of the plasma membrane in the sacsin mutant after induction with 10 

μM β-estradiol (Figure 4B). We did not observe a significant difference in the amount of the 

secreted PIN1-RFP over a period of 6h. However, after the simultaneous induction of PIN1-

RFP expression by 10 μM β-estradiol and treatment with 25 μM BFA for 6h, we observed 

bigger and more BFA bodies in the sacsin mutant, compared to its control (Suppl. Fig. 4C). 

This confirms the previous observation that the sacsin mutant is more sensitive to BFA in 

terms of PIN trafficking (see Figure 1B). 

As next we examined vacuolar targeting of the GFP-fused proteins as visualized by a dark 

treatment experiment (Kleine-Vehn et al., 2010). After 4h in the dark, we observed that in 

both the wild type and the sacsin mutant, PIN2-GFP was targeted to the lytic vacuole (Suppl. 

Fig. 4D). From this experimental setting we conclude that the sacsin mutation does not visibly 

interfere with the degradation pathway. 

In summary, the FM4-64 uptake experiments, the PIN2::PIN2-Dendra photoconversion, the 

FRAP experiments, the β-estradiol inducible PIN1-RFP line and the dark treatment revealed 

that SACSIN is not essential for basic trafficking processes, at least under optimal growth 

conditions, nonetheless, it may be involved in reaction of endocytic trafficking  to inhibition 

by BFA. 

 



 
 

2.3.5 SACSIN role in BFA-sensitive trafficking 

 

Next, we analysed in detail the role of SACSIN in subcellular dynamics and trafficking 

processes in presence of BFA. Our immunolocalization studies revealed no alterations in the 

PIN1 or PIN2 localization in the sacsin mutant lines under standard conditions (Figure 5A and 

Figure 5B). After a treatment for 90 min with 50 μM BFA, the number of PIN1 BFA bodies in 

the mutant was comparable to the one in wild type (Figure 5A) but slightly increased in the 

mutant for the PIN2 cargo (Figure 5B). In conclusion, these results indicate that sacsin is 

inducing a comparable or slightly increased number of BFA bodies for PIN1 and PIN2 proteins 

after short treatment with the compound. 

 
Figure 5: sacsin is defective in exocytosis and transcytosis  

(A) Immunolocalization of PIN1 protein (vasculature cells). (B) Immunolocalization of PIN2 (epidermis cells). (C) Life imaging of the VHAa1-

GFP protein (TGN marker). A 90 min treatment with 50 µM BFA causes increased intracellular protein accumulation in the sacsin mutant. A 

1.5-h treatment with 50 µM followed by a 1.5-h wash out with liquid medium led to almost complete disappearance of PIN1 and PIN2, but 

also of VHAa1-GFP from the bodies in wild type, but in the sacsin mutant there were more BFA bodies, which remained in the cells. No or 

very less intracellular PIN1, PIN2 or TGN marker accumulation could be observed in the wild type cells treated for 16 h with 25 µM BFA. In 

contrast, pronounced intracellular protein accumulation persisted in the sacsin cells. Data is means ± SD; ≥ 8 roots were analysed for each 

genotype.  

   

To further investigate the protein trafficking in sacsin mutants, we did a 90 min treatment 

with 50 μM BFA followed by a 90 min washout in ½ MS liquid medium (Figure 5A and Figure 

5B). In the wild type, we observed that the proteins, which accumulated into a BFA body, 
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localized almost completely back to their polar domain (Geldner et al., 2001). In contrast, in 

the sacsin mutant many BFA bodies persisted, which remained in the cell.  

Prolonged treatment with BFA causes that PIN1, normally localized at the basal cell side  in 

the stele cells of the Arabidopsis thaliana root, first accumulates into BFA bodies and later it 

transcytose to the apical side of the cells (Kleine-Vehn et al., 2010). In the wild type situation 

there are none or very little BFA bodies, which remain in the cells after a 16h treatment with 

25 μM BFA (Figure 5A and 5B). In contrast, in the sacsin mutants there are a lot and bigger 

BFA body accumulations, which persist in the cells (Figure 5A and 5B). These results support 

the hypothesis that in sacsin mutants the cells are not able to efficiently recover from BFA 

treatment. 

Next, we analysed directly the BFA effect on the endomembrane system using the early 

endosome marker VHAa1-GFP (Figure 5C) and of the Golgi apparatus marker Sec21 (Suppl. 

Fig 5B). Both endomembrane markers showed similar cell biology phenotypes as with PIN1 

and PIN2 (Figure 5A and 5B). In control situation there were multiple Golgis and TGNs 

dispersed in the cytosol. Treatments with BFA lead to their aggregation into bodies and the 

washout experiments lead to their disaggregation. In the sacsin mutants, there was no altered 

localization of these markers indicating that the Golgi apparatus and the early endosome 

morphology are not affected (Figure 5C and Suppl.Fig. 5B). After a short BFA treatment, the 

endomembrane compartments aggregate normally into BFA bodies and after a washout, they 

still remain in the cells of the sacsin mutant. Also after the long treatment with BFA, these 

markers remain aggregated into BFA bodies and do not recover as seen in the controls (Figure 

5). 

Our observations, using immunolocalization and life imaging, show that in the sacsin mutants, 

the recovery of cells from the inhibition of the ARF GEF function is defective. PM markers such 

as PIN auxin transporters as well as Golgi apparatus and TGNs in sacsin root cells aggregate in 

response to BFA normally but they do not adapt to this inhibition and also their recovery after 

BFA removal is dramatically delayed. 

 

2.3.6 Roles of SACSIN and GNOM ARF-GEF in apical-basal PIN targeting 

 



 
 

Long-term adaptation of cells to BFA does not involve only the dissolution of BFA body but 

also a shift of basally localized PIN proteins from the basal to the apical cell side (Kleine-Vehn 

et al., 2008a). PIN basal targeting is dependent on GNOM, and in the weak gnomR5 allele, PIN1 

in the stele is often missorted to the apical cell side (Kleine-Vehn et al., 2008a)(Figure 6A and 

6B). The degree of apicalization in the gnomR5 mutant is further enhanced by the BFA 

treatment (Figure 6A and 6C). Apart from analysing the basic trafficking processes and 

reactions of the endomembrane system to BFA, we also investigated the effect of sacsin 

mutation on native and BFA-induced apical-to-basal transcytosis. We found that the sacsin 

mutant had normal, basally localized PIN1 (Figure 6B) and after a long BFA treatment, the 

degree of PIN1 apicalization appeared normal (Figure 6C). In the double mutant sacsin 

gnomR5, we found that the sacsin mutation did not influence (neither increase nor decrease) 

the effect of gnomR5 on basal-to-apical transcytosis whether undisturbed or after a long BFA 

treatment (Figure 6B and 6C). However, in the double mutant, we still observed the sacsin 

cellular phenotype, namely, that the BFA bodies persisted in cells after long BFA treatment 

(Figure 6D). 

 

 

Figure 6: Characterization of gnomR5 cross (A) PIN1 immunolocalization in non treated cells and after a treatment for 16h with 25 μM BFA. 

(B) and (C) Graphs, representing the observations of the polarity of the PIN1 protein to the basal or to the apical cell side in the stele cells of 

the Arabidopsis thaliana root tip. The quantification was done in non treated cells (B) and also after a treatment for 16h with 25 μM BFA 

(C). (D) A graph, representing the number of BFA bodies per root tip after the treatment for 16h with 25 μM BFA. 
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These results suggest that SACSIN does not play a direct role in the apical/basal PIN sorting. 

It also shows that the aggregation or disaggregation of the BFA bodies and PIN1 presence in 

them occurs independently from the apical/basal PIN sorting. 

 

2.3.7 Genetic interaction of SACSIN and BIG3 encoding a BFA-resistant ARF-GEF  

 

BIG3 is a BFA-insensitive ARF-GEF, which together with other BIG ARF-GEFs is regulating the 

process of late secretion from the TGN, but not recycling of endocytosed proteins to the 

plasma membrane (Richter et al., 2014). Due to its insensitivity to BFA, it plays a major role in 

conditions of trafficking inhibited by BFA - as shown by the very strong reaction of big3 to 

BFA, namely, arrest of seed germination (Richter et al., 2014). Therefore, we tested possible 

common roles of SACSIN and BIG3 by crossing the corresponding mutants. 

In the undisturbed situation, the parental genotypes and the double mutant showed a 

normal, polar plasma membrane PIN localization with no aggregations of any type (Suppl. Fig. 

6A). In the big3 mutant, 16h treatments with 25 μM BFA caused the accumulation of the PIN1 

protein in intracellular aggregates, similar as seen in sacsin (Suppl. Fig. 6B). However, these 

intracellular bodies in big3 had a bit different appearance; they appeared fuzzier, like clusters 

with a less defined structure in comparison with the round, well defined typical BFA bodies 

(Suppl.Fig. 6B). In the sacsin big3 double mutant, the BFA bodies morphologically appeared 

more like in big3 (Suppl.Fig. 6B). 

Whereas subcellular reaction of big3 and sacsin mutants to BFA treatment was not that 

different, the growth sensitivities to BFA were opposite: the sacsin mutant is BFA-resistant 

while big3 is highly sensitive to BFA. In the double mutant, the phenotype is that of big3 

(Suppl.Fig. 6C). In conclusion, in terms of BFA reactions, the effects of sacsin mutation were 

masked by the dominant effects of big3 mutation, suggesting that formally BIG3 acts 

downstream of SACSIN. 

 

2.3.8 Genetic interaction of SACSIN and BIG/DOC1/TIR3 encoding a Callosin-like 

protein implicated in auxin action 

 



 
 

The bioinformatics tool STRING ((Szklarczyk et al., 2017); Figure 2E), suggested that the genes 

SACSIN and BIG are co-expressed. Independently identified  mutations in BIG, called doc1 and 

tir3 have similar defects related to multiple signalling pathways including auxin (Ruegger et 

al., 1997; Gil et al., 2001). Previous research showed, that doc1 does not form normal lateral 

roots due to reduced auxin transport to the root, however, if the seedlings were transferred 

to auxin, the LR are induced (Ruegger et al., 1997); it has a reduced sensitivity to synthetic 

auxin NAA in terms of BFA-sensitive PIN trafficking (Paciorek et al., 2005) and also sometimes 

accumulates PIN1 aggregates inside the cell on auxin transport inhibitor NPA (Gil et al., 2001). 

In addition, both genes SACSIN and BIG encode very large proteins and both have a 

relationship to auxin-mediated development and to BFA action. Therefore, we tested genetic 

interaction between sacsin and doc1.   

 

 

Figure 7: SACSIN-BIG genetic interaction on cellular level (A) Immunolocalization of PIN2 in the epidermis cells of wild type, 

sacsin-2, doc1 and sacsin-2 doc1 and after treatment for 16h with 25 μM BFA. There are significantly more BFA bodies in 

sacsin-2 and sacsin-2 doc1. (B) Immunolocalization of Sec21 in wild type, sacsin-2, doc1 and sacsin-2 doc1 in non treated cells 

and after treatment for 16h with 25 μM BFA.  There are significantly more BFA bodies in sacsin-2 and sacsin-2 doc1.  
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In an undisturbed situation, sacsin and doc1 have a normal, apical localization of PIN2 protein 

in the epidermis cells and there are no obvious alterations in the endomembrane system 

(Figure 7). After a 16h treatment with 25 μM BFA, the PIN2 protein in the sacsin mutant 

persists in BFA bodies (Figure 7A). On the other hand, in the doc1 allele, none or much less 

BFA bodies persist (Figure 7A). Nevertheless, the sacsin doc double mutant shows phenotype 

very much comparable to sacsin single mutant.  The same also applies for the Sec21 golgi 

marker (Figure 7B). In conclusion, the characterization of the cell biology phenotypes is 

showing epistasis of sacsin over the doc1. 

 

 
Figure 8: SACSIN-BIG genetic interaction on morphology level. (A) Morphology phenotype when grown for 10 days on ½ MS medium (B) 

Seedlings, which were grown for 6 days on ½ MS medium and then transferred to 20 μM BFA supplemented ½ MS medium and grown for 2 

weeks. Better growth and development of sacsin-2 on BFA supplemented medium compared to wild type and to big mutant. The sacsin-2 

big double mutant has a phenotype, which is partly epistatic to sacsin-2. (C) sacsin-2 has not significantly longer primary root length in cm 

in comparison to wild type, big and doc1. (C) Number of initiated lateral roots of sacsin-2, big, doc1, the double mutants and the 

corresponding control. sacsin-2 has slightly higher density of lateral roots in comparison to Col-0 and much higher density, compared to big 

or doc1. The double mutant has less initiated LR in comparison to Col-0 or sacsin-2. (D) The morphology phenotype of the double mutant is 

in between sacsin-2 and big or doc1. (E) The morphology phenotype of sacsin-2 on a BFA plate is characterized by larger leaf parameters in 

comparison to Col-0 and to big. The sacsin-2 big double mutant has a phenotype, which is comparable to the sacsin-2 phenotype. 

 



 
 

In terms of developmental phenotypes, doc1 and big showed no or strongly decreased 

initiation of lateral roots (Gil et al., 2001). In contrast, sacsin is characterized by a normal or, 

if anything, a slightly increased lateral root density under normal conditions. In the double 

mutant, the primary root length of the double mutant was somewhat in between sacsin and 

big (Figure 8A and 8C). Moreover, while growing on a 20 μM BFA containing ½ MS medium, 

the sacsin mutant develops better than wild type (as discussed in Figure 1) and big and doc1 

mutants are smaller. Notably, the sacsin-2 big double mutant shows a partial resistance to 

the compound, which is again in between the phenotypes described for the single mutants 

(Figure 8B and 8E). Thus, the genetic interaction between sacsin and big can be best described 

in terms of a mutual partial rescue of two genes with antagonistic effects. 

 

2.4 Discussion and conclusion 

 

An essential functional hub between the cell and the surrounding environment is the plasma 

membrane of eukaryotic cells (Sigismund et al., 2012). During trafficking, the cargo proteins 

are packed into membrane vesicles which bud from a donor compartment and later fuse with 

an acceptor compartment, thus releasing the cargo. The process of vesicle formation requires 

ARF GTPases, which mediate the recruitment of vesicle coats at the donor membrane (Singh 

et al., 2018). The general model of ARF function describes them as nucleotide-dependent 

molecular switches that shift between active, membrane-bound states and inactive cytosolic 

forms (Vernoud et al., 2003; Grosshans et al., 2006). The membrane-bound form regulates 

cellular processes by the recruitment of effectors, such as vesicle coats (Singh et al., 2017). 

For this process to take place, the ARF proteins are activated or inactivated by the binding or 

hydrolysis of GTP. The GTPase-activating proteins (GAPs) stimulate the release of phosphate, 

deactivating ARFs, whereas the exchange of GDP to GTP is mediated by guanine nucleotide 

exchange factors (GEFs), and leading to ARF activation. The known sites of action of the ARF 

machinery is the Golgi apparatus, trans-Golgi network, ant the plasma membrane, where 

ARFs recruit, among others, the cytosolic coat proteins Coat Protein Complex I (COPI) and 

adaptors for clathrin coats (Serafini et al., 1991; Bonifacino and Lippincott-Schwartz, 2003). 

The studies of ARFs have been greatly aided by the implementation of Brefeldin A (BFA), a 

fungal toxin specifically targeting a complex between an ARF and an ARF-GEF (Mossessova et 



67 
 

al., 2003). The inhibition of ARF-GEF function by BFA partially blocks the ARF-mediated 

trafficking pathways and leads, in Arabidopsis thaliana, to the formation of so-called BFA 

bodies, or BFA compartments, which are aggregates of multiple TGN/EE compartments and 

Golgi apparatus. Concomitantly, the inhibition of the exocytic step of PIN recycling results in 

the accumulation of the PIN proteins in the BFA body (Geldner et al., 2001).  After a prolonged 

BFA treatment, the cells gradually adapt to BFA; BFA bodies dissipate and PIN proteins 

transcytose from the basal to the apical side of the cell (Kleine-Vehn and Friml, 2008; Kleine-

Vehn et al., 2008b). Nonetheless, the mechanism, by which cells adapt to the compromised 

ARF-GEF activity, is unknown.  

We took advantage of the morphological defects induced by BFA and screened for mutants 

developing better on medium supplemented with BFA. We identified a recessive mutant bar1 

(bfa altered response 1), which grows better on a BFA-containing medium but is unable to 

fully adapt its subcellular trafficking to a prolonged BFA exposition. Mapping of the causative 

mutation and analysis of additional alleles identified a novel SACSIN gene coding for a large, 

protein of an unknown function with similarity to the human protein Sacsin, and whose 

domain composition suggests a role as a molecular chaperon, or in the ubiquitin-proteasome 

system. Our morphology analysis shows that there are no developmental defects in the sacsin 

mutant with the exception that there is a more complex vasculature patterning in the mutant 

alleles. Additionally, after performing a large spectrum of experimental settings to study the 

subcellular trafficking role of SACSIN, we conclude that SACSIN is not involved in the 

trafficking mechanisms under normal conditions, but it is important for the BFA-sensitive 

trafficking, which we show by immunolocalization studies of PIN proteins and life imaging of 

the VHAa1-GFP protein. Our results revealed that in the cells of the mutant there are 

sustaining BFA bodies after washout of the compound, but also after long incubation with 

BFA. Thus, sacsin mutation has a specific effect on BFA reactions, both in the seedling growth 

and in the cellular reactions of the endomembrane system, observable by a defect in the 

recovery of the BFA treatment. 

Due to the observation that the adaptation of the cell to the long treatment with BFA is 

characterized by a dissolution of the BFA body and by a shift of the PIN1 protein from the 

basal to the apical cell side, we wanted to characterize, if the SACSIN gene is involved in the 

basal-apical sorting. For these we studied the genetic interaction between SACSIN and 

GNOMR5. GNOM is regulating the targeting of the PIN protein to the basal cell side and an 



 
 

interference with the GNOM gene function leads to apicalization of the PIN1 protein in normal 

conditions  (Kleine-Vehn et al., 2008a). On the other hand, after long treatment with BFA, the 

degrees of apicalization of the PIN1 protein were higher. Moreover, in sacsin the PIN1 protein 

is localized to the basal cell side in the stele cells of the root and after a long treatment with 

BFA, the levels of apicalization also look normal. However, in the sacsin gnomR5 double 

mutant, the sacsin mutation does not have an effect on the cellular phenotype of gnomR5, 

neither in normal condition, nor after the long treatment with BFA. Our results suggest that 

SACSIN does not play a direct role in the apical/basal PIN sorting, and does not influence the 

polarity-related aspect of BFA action. It also highlights that the aggregation or disaggregation 

of the BFA bodies, and PIN1 presence in them, occur independently from the apical/basal 

PIN1 sorting decisions. 

In Arabidosis thaliana there are eight large ARF-GEFs, which can be separated into two 

classes: the GGG class, which includes GNOM, GNOM-LIKE1 (GNL1) and GNL2 that act at the 

Golgi apparatus, and the BIG class, which contains five members – BIG1 to BIG5 –  and acts at 

the TGN/EE (trans-Golgi network/early endosome). Most of these ARF-GEFs are sensitive to 

BFA, while two of them - GNL1 and BIG3 - are BFA-insensitive due to a natural variation in 

SEC7 domain sequences (Anders and Jürgens, 2008). BIG3 is an ARF-GEF, which is mediating 

the late secretion, but not the recycling of the endocytosed proteins (Richter et al., 2014). 

Additionally, it plays an important role in the BFA sensitive trafficking, which is pronounced 

by the phenotype of arrested seed germination on solid BFA medium (Richter et al., 2014). 

Due to this fact, we wanted to characterize in detail the genetic interaction between SACSIN 

and BIG3. Whereas the subcellular reaction of big3 and sacsin mutants to BFA treatment was 

not that different, the growth sensitivities to BFA were opposite: the sacsin mutant is BFA-

resistant, while big3 is highly sensitive to BFA. In the double mutant, the phenotype is that of 

big3. In conclusion, in terms of BFA reactions, the effects of sacsin mutation were masked by 

the dominant effects of big3 mutation, suggesting that formally BIG3 acts downstream of 

SACSIN. The dominant effects of the big3 mutation, as well as the particular morphology of 

big3 cells after long BFA treatments, can be understood on the basis of BIG3’s essential 

function for ARF activation in the conditions where other BIG ARF-GEFs are chemically 

inhibited. In contrast, the role of SACSIN appears more as a modifier, rather than a key 

component of the normal ARF cycle. 
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Previous research showed that genes, which are co-expressed are more likely to interact with 

each other than proteins, which belong to different clusters (Grigoriev and Biotech, 2001). By 

using STRING as a bioinformatics tools for co-expressions, we identified that SACSIN is 

correlated with BIG, which is a regulator of auxin transport (Paciorek et al., 2005). Doc1 and 

tir3 are alleles from the same gene, which is known as BIG (Gil et al., 2001). They have less 

basipetal auxin transport and due to this fact, they develop less lateral roots (Gil et al., 2001). 

Additionally, it was shown that a higher concentration of auxin is required to block the PIN1 

endocytosis upon the implementation of BFA as a membrane trafficking inhibitor (Paciorek et 

al., 2005). Due to these data and due to our observations that sacsin has a better survival on 

a BFA solid medium, we examined the genetic interaction between SACSIN and BIG. On a 

cellular level sacsin is epistatic to doc1 as there are a similar number of remaining BFA bodies 

in the cells after the long treatment with BFA, which is a phenotype, observed in sacsin. In 

terms of developmental phenotypes, doc1 and big showed no or strongly decreased density 

of emerged lateral roots (Gil et al., 2001). In contrast, sacsin is characterized by a normal 

lateral root density under normal conditions. Moreover, while growing on a 20 μM BFA 

containing ½ MS medium, the sacsin mutant develops better than wild type and big mutants 

are smaller. Notably, the sacsin-2 big double mutant shows a partial resistance to the 

compound, which is again in between the phenotypes described for the single mutants. Based 

on this observation, the genetic interaction between SACSIN and BIG/DOC1/TIR3 can be 

described in terms of additive phenotypes. 

In these project we identify a novel component of intracellular trafficking in Arabidopsis 

thaliana. We show that a morphology based screen is a good method for the identification of 

novel components of endomembrane trafficking. We identify BAR1/SACSIN, which grows and 

develops better on BFA solid medium. SACSIN has a role in multiple GNOM regulated 

trafficking processes and plays a specific role in the adaptation to chemically induced 

inhibition, while apparently it does not exhibit a significant influence on normal cell function 

and development. 

 

 

 
 

 



 
 

2.5 Supplementary 

 

 

Suppl. Fig. 1: qRT-PCR analysis of the T-DNA insertional lines and the bar1-2 expression in the isolated mutant lines. (A) Normalized 

relative expression to pp2a. (B) Normalized relative expression to act7. (C) Normalized relative expression to act7. (D) Schematic 

representation of the bar1 locus. Exons are represented by boxes, while introns are shown as lines. Coding regions are filled with yellow. 

Exact locations of the T-DNA insertions are depicted by arrows and the exact location of the point mutations are illustrated by triangles. The 

different set of primers for the qRT-PCR analysis are shown by arrows and the colour of the arrows corresponds to the colour of the column 

in the charts. 

 

Suppl. Fig. 2: Evolutionary analysis of the BAR1 protein and SACSIN protein structure in humans. (A) Evolutionary tree, which represents 

that the BAR1 protein is conserved and is present in the genome of the very early diverging plant species like green algae, Marchantia 

polymorpha and Physcomitrella patens. (B) Domain organization of the SACSIN protein in humans. The predicted domains are illustrated as 

rectangular. In blue these are the HSP 90-like ATPase domains, in light blue there is the ubiquitin-like domain, in orange there is the DnaJ 

domain and in yellow the HEPN domain. The corresponding amino acid numbers are illustrated in black. 
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Suppl. Fig. 3: Phenotypic analysis of sacsin. (A) Hypocotyl length in the dark. (B) Hypocotyl bending. (C) Apical hook opening. (D) 

Gravistimulation. (E) Seed length. (H) Seed width. 



 
 

 

Suppl. Fig. 4: Non-BFA related cell phenotype of sacsin (A) Live imaging of FM4-64 (10 min; 2 μM). There is no significant change in the 

amount of internalized clathrin-mediated endocytosis marker in sacsin and the corresponding control. (B) Fluorescence recovery after 

photobleaching (FRAP) in seedlings expressing PIN1-GFP. Root vasculature cells were imaged pre-bleach, after bleaching with the 488nm 

argon laser, and then the recovery of the signal was followed over time. Data is means ± SD, n ≥ 3 roots per genotype. No significant 

differences in the rate of fluorescence recovery was observed between PIN1pro::PIN1-GFP and bar1-2. (C) Fate of the newly synthesized 

PIN1-RFP protein after induction with 10 μM β-estradiol and simultaneous treatment with 25 μM BFA for 6h in the XVE::PIN1-RFP line in 

wild type and sacsin mutant background. (D) Trafficking to the vacuole is not affected in sacsin mutant. A 4h dark treatment results in PIN2-

GFP accumulation into vacuoles of both wild type and sacsin epidermal cells.  
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Suppl. Fig. 5: sacsin is defective in exocytosis and transcytosis  

(A) Immunolocalization of PIN1 protein (vasculature cells) and of PIN2 (epidermis cells) for the sacsin-1 allele (SALK_031336). A 90 min 

treatment with 50 µM BFA causes intracellular protein accumulation in the sacsin mutant. A 1.5-h treatment with 50 µM followed by a 1.5-

h wash out with liquid medium led to remaining BFA bodies in the cells of the sacsin-1 mutant. Pronounced intracellular protein accumulation 

persisted in the sacsin cells also after a long treatment for 16h with 25 µM BFA. Data is means ± SD; ≥ 8 roots were analysed for each 

genotype. (B) Colocalization study of the SEC21 protein (ER marker) and the VHAa1-GFP protein (TGN marker). In the control situation there 

were multiple Golgis and TGNs dispersed in the cytosol. Treatments with 25 µM BFA for 12h lead to an increased number of remaining 

aggregated BFA bodies in the sacsin mutant, which recover less as seen in the controls. 

 

 



 
 

 

Suppl. Fig. 6: SACSIN-BIG3 genetic interaction (A) Immunolocalization of PIN1, PIN2 and SEC21 (golgi marker) in the control (DMSO) 

treatment. (B) Immunolocalization of PIN1, PIN2 and SEC21 (golgi marker) after treatment for 16h with 25 μM BFA. The mutant big3 is 

epistatic to sacsin as after long treatment with BFA there are atypical aggregates in the big3 sacsin double mutant of the immunolocalized 

protein, which is a phenotype observed in big3. (C) BFA treatment did not prevent seed germination in wild type and sacsin-2, but did so in 

big3 mutants and in sacsin-2 big3 double mutant. 

 

2.6 Materials and Methods 

Plant material and growth conditions 

All Arabidopsis thaliana lines were in Columbia-0 (Col-0) background except of PIN2::PIN2-

Dendra, which was in eir 1-1 background and gnomR5, which is in Landsberg background. The 

insertional mutants sacsin-1 (SALK_000313) and sacsin-2 (SALK_00082) were obtained from 

NASC. The PIN1pro::PIN1-GFP  transgenic line was described previously (Benkova et al., 2003), 

PIN2pro::PIN2-GFP (Xu and Scheres, 2005), VHAa1pro ::VHAa1-GFP (Dettmer et al., 2006), 

XVE::PIN1-RFP (Richter et al., 2014). The seeds were surface-sterilized overnight by chlorine 

gas, sown on solid Arabidopsis medium (½ MS, 1% [w/v] sucrose, and 0.8% [w/v] phytoagar, 

pH 5.7), and stratified at 4°C for at least 2 days prior to transfer to a growth room with a 16-
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h light/8-h dark regime at 21°C. The seedlings were grown vertically for 4 or 8 days, depending 

on the assay. 

Arabidopsis seedlings were treated with chemicals in liquid ½ MS at 21°C in a growth room 

with the following concentrations and times: 25 μM or 50 μM BFA for different time points; 

10 μM β-Estradiol for an assay up to 6h. Mock treatments were done with equivalent amounts 

of DMSO. 

Generation of constructs for the gene expression study 

To clone the sacsin promoter, we designed primers to cover from −1 to −2333 bp upstream 

of the gene’s ATG codon and PCR amplified, by implementing the iPROOF DNA polymerase 

(Bio-Rad), and recombined the products using the Gateway BP Clonase II Enzyme Mix 

(Invitrogen) into the entry vector pDONRP4P1r. Moreover, the GUS gene was recombined 

into the entry vector pDONR221 using the Gateway BP Clonase II Enzyme Mix. Then we 

recombined these plasmids with the respective promoter cloned in the entry vector 

pDONRP4P1r (described above) and the destination vector pB7m24GW,3 using the Gateway 

LR Clonase II Enzyme Mix (Invitrogen). All plasmids were sequenced to confirm the absence 

of point mutations in the PCR-amplified sequences prior to transformation into Arabidopsis 

Columbia using the floral dip method (Clough and Bent, 1998).  

RNA extraction, cDNA synthesis, and quantitative RT-PCR and analysis 

RNA extraction, cDNA synthesis, and quantitative qRT-PCR were done as described in Prat et 

al., 2018. Selected candidate gene transcript levels were quantified with qRT-PCR with specific 

primer pairs. Expression levels were normalized to SERINE/THREONINE PHOSPHATASE 2A 

(PP2A; AT1G69960) and to ACTIN7 (ACT7), which was constitutively expressed across 

samples. All PCRs were run in three biological replicates. The data were processed with a qRT-

PCR analysis software (Frederik Coppens, Ghent University-VIB, Ghent, Belgium). For 

quantitative RT-PCR, poly(dT) cDNA was prepared from 1 μg of total RNA with Superscript III 

(Invitrogen). Quantitative RT-PCR was done with LightCycler 480 SYBR Green I Master 

reagents (Roche Diagnostics) and a LightCycler 480 Real-Time PCR System (Roche 

Diagnostics). PCR was run on 384-well reaction plates that were heated for 10 min to 95°C, 



 
 

followed by 45 denaturation cycles of 10 s at 95°C, annealing for 15 s at 60°C, and extension 

for 15 s at 72°C.  

Protein immunolocalizations 

Immunolocalizations were performed on 4-days old seedlings using the Intavis in situ pro 

robot, as described by (Sauer et al., 2006). The antibodies were used as follows: anti-PIN1 

rabbit, 1:1000 (Paciorek et al., 2005), anti-PIN2 rabbit, 1:1000 (Paciorek et al., 2005), anti-

Sec21 rabbit 1:800 (Movafeghi et al., 1999). For the secondary antibodies, goat anti-rabbit 

antibody coupled to Cy3 (Sigma-Aldrich) was diluted 1:600.  

For live imaging, seedlings at 4 days after germination were mounted in ½ MS broth medium 

and visualized immediately using a Zeiss 800 confocal microscope. Root cells were imaged 

using a C-Apochromat 40×/1.20 water-immersion objective (Zeiss). YFP was excited using a 

514-nm argon ion laser line, fluorescence was detected using a 540/20-nm bandpass filter, 

and each scan was the result of averaging 4 frames to produce low-noise images. The surface 

of the cells was carefully acquired when observing the root epidermal cells, whereas a middle 

section of the cells was used when imaging all other cell types. 

Phenotypic analysis 

All measurements were done with Fiji (Fiji is just ImageJ (https://fiji.sc/). For the root length 

analysis 5-day-old seedlings were scanned and root lengths were measured. For the lateral 

roots analysis 10-day-old seedlings were scanned and lateral root density was calculated from 

ratio number of LR/root length. For the gravitropsm experiments we grew the seedlings for 4 

days and then we turned the plate to 90 degrees and followed the gravitropic response at a 

scanner for a time of 24h. The phenotypic analysis in the dark was recorded at 1h interval for 

3 days at 18°C with an infrared light source (880 nm LED; Velleman, Belgium) by a spectrum-

enhanced camera (EOS035 Canon Rebel Xti, 400DH) with built-in clear wideband-multicoated 

filter and standard accessories (Canon) and operated by the EOS utility software.  

Histological analyses and microscopy 

To detect β-glucuronidase (GUS) activity, seedlings were incubated in reaction buffer 

containing 0.1 M sodium phosphate buffer (pH 7), 5 mM ferricyanide, 5 mM ferrocyanide, 
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0.1% Triton X-100, and 1 mg/ml X-Gluc for 24 h in the dark at 37°C. Afterward, chlorophyll 

was removed by destaining in 70% ethanol and seedlings were cleared. 

Tissues (seedlings, cotyledons and lateral roots) were cleared in a solution containing 4% HCl 

and 20% methanol for 15 min at 65°C, followed by a 15 min incubation in 7% NaOH and 60% 

ethanol at room temperature. Next, seedlings were rehydrated by successive incubations in 

70%, 40%, 20% and 10% for 10 min, followed by incubation in a solution containing 25% 

glycerol and 5% ethanol. Finally, seedlings were mounted in 50% glycerol and monitored by 

differential interference contrast microscopy DIC (Olympus BX51). 

Softwares  

Sequences were analysed with CLC main workbench 7. Confocal images were analysed using 

the Fiji ImageJ program. Images were further processed using Adobe Illustrator CS3. 
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3 The phytohormone strigolactone 

 

3.1 Introduction 

 

The growth and development of Arabidopsis thaliana is regulated not only by auxin, but also 

by other phytohormones. Strigolactones are compounds, which participate in this processes 

(Soundappan et al., 2015). In its presence, the D14 receptor binds it, then the receptor 

changes its confirmation and binds to the MAX2 protein from the SCF complex. As a result, 

the transcription repressors are degraded in the proteasome and the receptor is destabilized. 

After this signal transduction pathway, the expression of the transcription factors of the TCP 

family can take place (Marzec, 2016). In xylem parenchyma cells of the stem, strigolactones 

cause depletion of PIN1 from the plasma membrane (Shinohara et al., 2013). Those 

phytohormones regulate the amount of PIN1 at the plasma membrane and influences the 

capacity of bud-derived auxin to canalize toward the stem, which alters the bud activity and 

shoot architecture (Shinohara et al., 2013).  

In this chapter we investigate the action of strigolactone and auxin in the model of the 

Arabidopsis thaliana root tip and we characterize the role of the strigolactones in the 

canalization and in the polar auxin transport. For this we implement a system of treatments 

and co-treatments with both hormones and also BrefeldinA as a tool to study the membrane 

protein trafficking. As auxin inhibits the PIN internalization, which is a requirement for the 

polar auxin transport and canalization, auxin, when under the influence of strigolactones, 

becomes less likely to induce canalization-related growth responses. Additionally, I 

characterize the role of phosphorylation in the strigolactone regulation of auxin feedback on 

PIN internalization. I also discuss the MAX2-dependence of strigolactone-mediated root 

growth inhibition and also the auxin metabolomics profiling after application of strigolactone. 

The results from our study are described in the following section. I include my contribution to 

that manuscripts and I use the text from it as a basis for rephrasing of my observations. 

 

3.2 Strigolactone interferes with auxin feedback on PIN internalization 
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3.2.1 Abstract 

 
The canalization hypotheses is connected with polar auxin transport and proposes a feedback 

effect of auxin on the directionality of intracellular auxin flow (Sauer et al., 2006). The 

application of auxin, wounding or auxin accumulation during de novo organ formation leads 

to rearrangement in the subcellular polar localization of PIN auxin transport components 

(Sauer et al., 2006). The phytohormone strigolactone regulates many different plant 

developmental processes, which can be related to polar auxin transport and canalization. In 

addition, this phytohormone alters the phenotypic output of the PIN auxin efflux carriers by 

participating and regulating growth and developmental responses by moderating the polar 

auxin transport (Shinohara et al., 2013). As the phytohormone auxin reduces the 

internalization of the PIN proteins, which increases the polar auxin transport and the 

canalization, auxin, when under the influence of strigolactone, becomes less likely to induce 

canalization related growth responses. 

 

3.2.2 Introduction 

 
In the canalization process, the transporting routes for the phytohormone auxin are 

established between plant cells and tissues where the auxin concentration is higher (source) 

in direction to locations, where the auxin concentration is lower (sink) (Sachs, 1981; Sauer et 

al., 2006; Bennett et al., 2016). Important for this process is the polar auxin transport (PAT), 

where the phytohormone auxin promotes the expression of the PIN genes in channels and 

this leads to an increase of the amount of PIN proteins on the plasma membrane at the side 

of the cell towards the sink (Sauer et al., 2006; Balla et al., 2011). This process enables the 

transport of the hormone auxin outside of the cell and towards the sink (Bennett and Leyser, 

2014). The process of canalization is very obvious when new vasculature connections along 

the channel routes form, for example after wounding or in the formation of venation in leaves 

(Sachs, 1981; Cheng et al., 2006; Scarpella et al., 2006). Moreover, there are cases where the 

polar auxin transport is redirected by developmentally regulated changes in PIN polarity, such 

in the cases of lateral root formation or leaf initiation or by environmental cues, such as during 

gravitropic responses (Friml et al., 2002).  



 
 

The PIN proteins are cycling between the endosomes and the plasma membrane and the 

mechanism of uptake is enabled through clathrin-mediated endocytosis (Dhonukshe et al., 

2007) and PINs may be relocated by vesicle movement to other membranes (Kleine-Vehn et 

al., 2008b). In addition, there are compounds and genetic factors, which were implemented 

to study more in detail PIN trafficking and the polar auxin transport mechanisms (Adamowski 

and Friml, 2015). One tool, which was used is the fungal toxin Brefedin A (BFA), which is a 

vesicle trafficking inhibitor that causes aggregates in cells by repressing GNOM ARF-GEF 

dependent vesicle movement (Geldner et al., 2001).  

In addition, the effect of auxin is that more of the PIN proteins are localized to the plasma 

membrane so that the auxin canalization towards the sink can be enabled. In addition, there 

are other hormones, which have an effect on the PAT such as cytokinins (Marhavý et al., 

2014), gibberellins (Willige et al., 2011; Salanenka et al., 2018), salicylic acid (Du et al., 2013) 

and strigolactones (SLs) (Crawford et al., 2010). The strigolactones can reduce the auxin 

transport by inhibition of the localization of the PIN proteins on the plasma membrane, which 

influences processes like shoot branching (Waldie et al., 2014), shoot gravitropism (Sang et 

al., 2014), secondary growth (Agusti et al., 2011), adventitious rooting (Rasmussen et al., 

2014), and lateral rooting and root hair elongation (Koltai, 2015). Recent research showed 

that the canalization from the buds becomes less likely, if strigolactones inhibit the PAT in the 

stem and as a result there is inhibition of bud growth (Shinohara et al., 2013). To further 

characterize the role of strigolactone on PAT, we investigated the influence of this hormone 

on the auxin-PIN interaction in root cells. We observed that strigolactones inhibit the 

feedback of auxin on the PIN internalization. 

 

3.2.3 Results 

 
The feedback mechanisms between auxin and PIN polarity can be estimated by the auxin-

mediated reorganization of the PIN polarity in Arabidopsis thaliana root (Sauer et al., 2006). 

In the primary root, the PIN1 protein is localized to the basal side of the stele cells (Kleine-

Vehn et al., 2008a).  
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Figure 1: Experimental setting to study the PIN1 localization in strigolactone signalling mutants after the application of GR24 and/or NAA 

and BFA. (A) Example for the BFA treatment and scoring of the results. (B) Example for the BFA/NAA treatment and scoring of the results. 

(C) Example for the BFA/NAA/GR24 treatment and scoring of the result. (D) Scores, given to the amount of BFA bodies, observed in the 

images, compared to the corresponding control. (E) Concentrations and treatment times, used for the experiment. (F) Scheme, representing 

the score for the different transgenic lines and also number of repetitions of the particular cell phenotype. 

 

To study the vesicle trafficking processes, we implemented BFA for a short time treatment, 

where membrane proteins and also endomembrane system compartments accumulate into 

BFA bodies (Figure 1A). To estimate the degree of BFA body formation we blindly gave scores 

to our optical observation after immunolocalization assays. A score of 3 was given when there 

were a lot of BFA bodies, a score of 2 correspond to many BFA bodies, a score of 1 to a few of 

them and 0 is the score given to observations when there are no BFA bodies (Figure 1D). 

Treatments with auxin (synthetic 1-naphthaleneacetic acid, NAA) lead to rearrangements of 

the PIN1 protein to the plasma membrane (Figure 1B). When co-treated with exogenous NAA 

and GR24, the effect of auxin was counteracted (Figure 1C). Notably, in comparison with wild 

type, the inhibitory effect of GR24 on auxin-mediated PIN lateralization was significantly 

impaired in max2-3 (Figure 1F). These results suggest that SLs, through the MAX2-dependent 

pathway, regulate negatively the canalization processes at the organ and tissue levels, but 

also regulate the auxin-mediated polarization of the PIN transporters at the level of individual 



 
 

cells. Next, we examined, if the action of SLs in regulating PIN trafficking also depends on SL 

signalling components. When GR24 was not applied, BFA-induced PIN1 internalization or 

NAA-mediated inhibition was similar in the d14 SL signaling mutant or the max2 SL/karrikin 

signalling mutant (Figure 1A and B). However, these mutants showed insensitivity to GR24 

with respect of counteracting NAA action on PIN endocytic trafficking (Figure 1C). Moreover, 

in Figure 3F the observations after the treatments with SL, NAA and BFA are visualized. In the 

less sensitive to strigolactone mutant d14htl3, there were less BFA bodies formed after the 

simultaneous treatment with the hormones. In addition, in the single receptor mutants, the 

effect of strigolactone was slightly more pronounced and in the repressor mutants, the effect 

of strigolactone on the auxin feedback on PIN internalization was even more pronounced. Our 

conclusion is that the synthetic GR24 interferes with auxin-mediated feedback on BFA-

visualized PIN1 intracellular accumulation, acting through D14- and MAX2-dependent 

strigolactone signalling. 

 

3.2.4 Discussion and conclusions 

 

Next to auxin, there is the phytohormone strigolactone, which participates in many 

developmental processes and also in the regulation of the polar auxin transport and 

canalization (Shinohara et al., 2013). The internalization of the PIN proteins is reduced by 

NAA, however on the other hand, strigolactone decreases the polar auxin transport and the 

canalization related growth responses are impaired (Shinohara et al., 2013).  

Our main aim was to study through which signalling pathway the effect of strigolactone 

occurs. For this we used as a model system the primary root of Arabidopsis thaliana where 

the PIN1 protein is localized to the basal side of the vasculature cells (Kleine-Vehn et al., 2008). 

We examined the localization of the PIN1 protein after treatments with NAA and/or GR24 in 

the presence of BFA, which is a vesicle trafficking inhibitor, used as a tool for studies on 

GNOM-regulated trafficking mechanisms. Our results show that max2 when compared to wild 

type has a lower sensitivity to the effect of GR24 as there were much less BFA bodies after 

the simultaneous treatment with NAA, GR24 and BFA. Moreover, the receptor mutant d14 

showed also much less BFA bodies compared to wild type in the same experimental condition. 
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We show that the synthetic GR24 interferes with auxin-mediated feedback on PIN 

internalization through the D14 receptor and MAX2-dependent pathway.  

 

3.3 WRKY23 is a component of the transcriptional network mediating auxin feedback 

on PIN polarity 

 

3.3.1 Introduction 

 
Auxin is a phytohormone, which regulates many aspects of the plant development. The 

polarly localized PIN auxin efflux carriers regulate the flow of it (Adamowski and Friml, 2015). 

The canalization hypothesis suggests that there is the formation of self-organizing patterns 

due to the formation of narrow auxin transport channels caused by the polarized auxin 

carriers (Sauer et al., 2006). This process is important for a bright spectra of developmental 

processes like new vasculature formation, regeneration after wounding and control of apical 

dominance (Prát et al., 2018).  

My contribution to this manuscript is in the examination of the hypothesis that the 

canalization process, through polar auxin transport, regulates the vasculature reconnection 

and patterning in the hypocotyls after grafting. By designing different experimental settings, 

I studied and tried to develop a method, which can be used to study the canalization 

properties after cutting the hypocotyls and then reconnecting them.  

(Paper is attached to the supplementary of the PhD thesis)  

 

3.4 Role of phosphorylation in the strigolactone regulation of auxin feedback on PIN 

internalization 

 

3.4.1 Abstract 

 

The phosphorylation status and the polar localization of the PIN proteins regulates the 

directional transport of auxin (Dai et al., 2012). The PINIOD (PID) kinase is responsible for the 

phosphorylation of the PIN proteins and their dephosphorylation is assured by the PP6 



 
 

holoenzyme complex (Dai et al., 2012). In the case of a double mutant fypp1 fypp3, which is 

homologous and encode the catalytic subunit of protein phosphatase 6 (PP6), there is higher 

amount of phosphorylated PIN proteins, which causes a basal-to-apical shift in the subcellular 

localization of the PIN proteins (Dai et al., 2012). This alters the polarity of the PIN proteins 

and causes an increased basipetal flow of the phytohormone auxin, which leads to defects, 

pronounced in shorter roots, fewer lateral roots, root meristem collapse, abnormal 

cotyledons and altered leaf venation (Dai et al., 2012). It was shown that FyPP1/3, SAL (for 

SAPS DOMAIN-LIKE), and PP2AA proteins (RCN1 [for ROOTS CURL IN NAPHTHYLPHTHALAMIC 

ACID1] or PP2AA1, PP2AA2, and PP2AA3) physically interact and the results is the formation 

of a PP6-type heterotrimeric holoenzyme complex (Dai et al., 2012). Another interaction is 

between FyPP1/3, SAL, and PP2AA and the PIN proteins, which depends on the 

phosphorylation status of the auxin efflux carriers. As a summary, the Arabidopsis PP6-type 

phosphatase holoenzyme acts antagonistically with PID, which has an effect on the directional 

flow of the phytohormone auxin and consequently on the plant development by regulating 

the phosphorylation status of the PINs (Dai et al., 2012). In this chapter we study the 

localization of the PIN1 protein after using the experimental setting from the previous section. 

 

3.4.2 Introduction 

 

Many aspects of plant development are regulated by auxin (Grunewald and Friml, 2010). This 

phytohormone is transported from its site of synthesis towards the root tip by the directed 

cell-to-cell transport through the PIN auxin efflux carriers in a process known as polar auxin 

transport, which is subsequently also regulating the plant development (Wiśniewska et al., 

2006). 

The previous research showed that the phosphorylation status of the PIN proteins is 

important for the auxin transport polarity (Benjamins et al., 2001; Friml et al., 2004; Zhang et 

al., 2010; Huang et al., 2010). The Ser/Thr kinase PINOID (PID) was shown to directly 

phosphorylate the PIN proteins and this gives it a role as a regulator of the polar targeting of 

the PIN proteins. Moreover, the loss of that kinase activity causes an apical-to-basal shift in 

the PIN polarity and the gain of function results in a basal-to-apical shift in the PIN polarity 

(Friml et al., 2004; Michniewicz et al., 2007; Huang et al., 2010). With the altered activity of 
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the PID, the auxin flow is also altered, which causes defects in multiple developmental 

processes (Christensen et al., 2000; Benjamins et al., 2001; Friml et al., 2004).  

Based on the sequence, structure and catalytic mechanism, the phosphatases can be 

classified into different groups (Moorhead et al., 2007). The PP2A heterotrimeric holoenzyme 

consists of a type A regulatory subunit, a type B regulatory subunit and a C subunit, which is 

a catalytic subunit (Terol et al., 2002). The role of the regulatory subunit A (hereafter, PP2AAs, 

including PP2AA1, also known as RCN1 [for ROOTS CURL IN NAPHTHYLPHTHALAMIC ACID1], 

PP2AA2, and PP2AA3) is connected with the regulation of the PIN phosphorylation state and 

auxin transport (Garbers et al., 1996; Rashotte et al., 2001; Michniewicz et al., 2007). Dai et 

al., 2012 showed that FyPP1 and FyPP3 interact with a pool of the PIN proteins and they 

regulate the PIN protein phosphorylation. Those two proteins directly interact with SAL and 

PP2AAs to form the PP6 heterotrimeric holoenzyme complex. In additions, mutations, which 

disrupt the function of four SAL genes also show developmental phenotypes, which are 

similar to the fypp1fypp3 and pp2a higher order mutants. This data is an evidence that PP6 

acts antagonistically with PID and participates in the regulation of the reversible 

phosphorylation of PIN and polar targeting, which has an influence on the polar auxin 

transport and on the plant development.  

 

3.4.3 Results 

 

To study the vesicle trafficking processes, we implemented the compound BFA for short time, 

where membrane proteins and also endomembrane system compartments accumulate into 

BFA bodies (Figure 2A). To estimate the degree of BFA body formation we gave scores to our 

optical observation after immunolocalization assays. A score of 3 was given when there were 

a lot of BFA bodies, a score of 2 correspond to many BFA bodies, a score of 1 to a few of them 

and 0 is scoring the observation when there are no BFA bodies. Treatments with auxin 

(synthetic 1-naphthaleneacetic acid, NAA) lead to rearrangements of the PIN1 proteins to the 

plasma membrane. When co-treated with exogenous NAA and GR24, the effect of auxin was 

counteracted. 



 
 

 
Figure 4: Role of phosphorylation in the strigolactone regulation of auxin feedback on PIN internalization. (A) Example for the 

quantification of the number of BFA bodies per root tip by giving scores to the optical estimation of the BFA aggregates after treatments 

with BFA; BFA and NAA or BFA, NAA and GR24. (B) and (C) Tables with results on the different experiments and their summary. (D) Final 

summary on the particular pattern and cell phenotype, which appears frequently. 

 

Our results are summarized in Table 2B, 2C and the summary is shown in Table 2D. 

For the BFA treatments there is a tendency for an increased number of BFA bodies in the 

35S::FYPP1-GFP line. On the other hand, a decreased PIN1 internalization was observed in 

F1DN, which also appeared with high frequency in RCN1 and SAL4MAX2. The rest of the lines 

show internalization of PIN1, which is comparable to their control or the internalization 

fluctuates and no conclusion can be reached.  

For the BFA+NAA treatment: there is a tendency for a decreased PIN1 internalization in F1DN. 

Additionally, there is increased PIN1 internalization in the 35S::FYPP1-GFP, rcn1-6 and pp2a 

C3-C4. The rest of the lines show internalization of PIN1, which is comparable to their control 

or the internalization fluctuates and no conclusion can be reached. 

For the BFA/NAA/GR treatment: there is a tendency for a decreased PIN1 internalization in 

35S::FYPP1-GFP, F1DN, F3DN, SAL4 and SAL4MAX2 and also in pp2a C3C4. The rest of the lines 

show internalization of PIN1, which is comparable to their control or the internalization 

fluctuates and no conclusion can be reached. 
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3.4.4 Discussion and conclusions 

 

The phytohormone strigolactone has the property to modify the basipetal auxin flow 

(Prusinkiewicz et al., 2009). It also regulates the canalization events by influencing the auxin 

feedback on PIN internalization (Sachs, 2000; Sauer et al., 2006). Other regulators of the PIN 

polar delivery are the Ser/Thr protein kinase PINOID (PID) and the protein phosphatase 2A 

(PP2A) (Kleine-Vehn et al., 2009). They determine the apical/basal targeting of the PIN 

proteins by modifying the phosphorylation status of the PIN proteins (Friml et al., 2004; 

Michniewicz et al., 2007). The PP6 holoenzyme complex is formed by the physical interaction 

of FyPPs, SAL genes, and PP2AAs, and the phosphorylation status of the PIN proteins 

determines the strength of their interaction (Dai et al., 2012). PP6 consists of the three 

subunits (regulatory subunits A and B and a catalytic subunit C) and it regulates the PIN 

phosphorylation, auxin transport, polar targeting and plant developmental processes (Dai et 

al., 2012). The basal targeting of the PIN proteins is promoted by PP6-mediated 

dephosphorylation, while the apical PIN localization is promoted by PID-dependent 

phosphorylation where both molecular mechanisms regulate the polar auxin transport and 

also the plant development. The catalytic subunit of PP6 is encoded by FyPP1 and FyPP3 genes 

and they regulate the polar PIN localization to the basal side of the vasculature cells. 

Moreover, loss of their function leads to shift in the PIN polar targeting from the basal to the 

apical cell side (Dai et al., 2012).  

Our aim was to characterize the role of phosphorylation in the strigolactone regulation of 

auxin feedback on PIN internalization. For this we used PIN1 protein immunolocalization 

assays after NAA and/or GR24 treatment, where we used also the known vesicle trafficking 

inhibitor - BFA. In Col-0 roots, PIN1 is localized to the basal side of the vasculature cells, 

whereas in f1f3, F1DN and F3DN roots, there is a switch from the basal to the apical side in 

the vasculature cells of the untreated roots (Dai et al., 2012). Additionally, the NAA treatment 

leads to a reduced number of BFA bodies in the cells, where strigolactone counteracts these 

effect and there is a higher number of BFA bodies after simultaneous treatment with GR24, 

NAA and BFA in wild type. Our results show a reduction of the PIN1 internalization after 

GR24/NAA/BFA treatment in the cases of 35S::FyPP1-GFP and also in the dominant negative 



 
 

line F1DN (35S:YFP-FyPP1D81N/Col-0; hereafter, F1DN). These results could be explained by 

the fact that the mutant phosphatase F1DN lost almost all activity, which means that even 

this weak activity will be enough to dephosphorylate. Additionally, our results show less 

sensitivity of SAL4 to GR24 with respect of counteracting NAA action on PIN endocytic 

trafficking. In conclusion, the phosphorylation might be directly or indirectly involved in the 

strigolactone regulation of auxin feedback on PIN internalization. 

 

3.5 MAX2-dependence of strigolactone-mediated root growth inhibition  

 

3.5.1 Introduction 

 
The phytohormone strigolactone participates in shaping the root architecture (Ruyter-Spira 

et al., 2011). When the growth conditions are optimal, the lateral root formation is repressed 

by strigolactone (Kapulnik et al., 2011; Ruyter-Spira et al., 2011) and the root hair 

prolongation is promoted (Kapulnik et al., 2011). In the formation of lateral roots, auxin plays 

an essential role and it determines the positioning of lateral roots, their initiation and 

elongation (De Smet, 2012). There is a crosstalk with strigolactone as it affects the formation 

of lateral roots by changes of the auxin efflux in the root. When SL is applied exogenously, it 

interferes with the PIN auxin efflux carriers and leads to a decreased PIN1-GFP intensity in 

lateral root primordia (Koltai et al., 2010). By the implementation of auxin signalling mutants, 

it was shown that strigolactones act upstream (Kapulnik et al., 2011; Mayzlish-Gati et al., 

2012). The balance between strigolactones and auxin plays a crucial role in shaping the 

Arabidopsis thaliana root architecture. Also during the process of shoot branching the 

interaction between both hormones plays an important role.  

In the past it has been also shown that the exogenous application of GR24 reduces the polar 

auxin transport (Crawford et al., 2010). Moreover, the phytohormones auxin and 

strigolactone interact and they regulate each other’s levels through a feedback mechanism 

(Hayward et al., 2009) in the root growth and root branching. The lateral root initiation is 

triggered by the local accumulation of auxin in root pericycle cells (Casimiro et al., 2001; De 

Smet, 2012; Dubrovsky et al., 2008; Lucas et al., 2008). From this and the regulated cell 

division, LR primordia develop and finally the young LR emerge. Later, for the further LR 
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development, the auxin comes from the aerial part of the plant (Bhalerao et al., 2002). As the 

root system architecture is tightly regulated by auxin and auxin transport, it was suggested 

that strigolactone plays a role in regulating the auxin fluxes (Ruyter-Spira et al., 2011). For this 

we studied and further characterized the effect of GR24 on primary root and LR development. 

 

3.5.2 Results 

 
We examined, whether the application of GR24 leads to a MAX2-dependent or MAX2-

independent effect of strigolactone on the primary root length and on the density of lateral 

roots. 

We quantified the growth and development of roots of 8 days old Arabidopsis thaliana 

seedlings, which were germinated and grown on plates containing different concentrations 

of the synthetic analogue GR24.  

 

 
Figure 3: MAX2-dependence of strigolactone-mediated root growth inhibition. Quantification of the primary root length and of the number 

of initiated lateral roots in Col-0 and max2-1, when germinated on a control plate (1/2 MS, supplemented with acetone) or on ½ MS, 

supplemented with different concentrations of GR24.  

 

In wild type the lowest concentration, at which GR24 starts having an effect on the inhibition 

of the primary root length and on the lateral root density is at the lowest tested concentration 

of 2 μM GR24 (Figure 3). We observe a resistance of the growth of the primary root length in 

max2-1 and the concentration at which GR24 has an effect on the primary root length is at 10 

μM GR24 (Figure 3). Additionally, when comparing the effect of GR24 on the primary root 

length in Col-0 and max2-1 there is no significant difference in the length between the control 

and the mutant at the different GR24 concentrations.  



 
 

On the other hand, the resistance of max2-1 was very pronounced in the lateral root density 

and we did not observe a significant decrease in the amount of initiated LR even at a 

concentration of 20 μM GR24. Wild type showed a significant reduction in the lateral root 

density, but not the max2-1 mutant. This suggests that MAX2 is involved in strigolactone 

signalling for lateral root formation but possibly not for root growth regulation. 

 

3.5.3 Discussion and conclusions 

 

The root architecture is defined by the phytohormones auxin and strigolactone, which act in 

a regulated feedback mechanism. It was shown that Arabidopsis plants, grown in the presence 

of low levels of GR24 (1,25 and 2,5 μM) have an increase in the primary root length (Ruyter-

Spira et al., 2011). These phenotype is due to the fact that lower concentrations of GR24 lead 

to an increase in the auxin levels (Ruyter-Spira et al., 2011). When the concentrations of 

strigolactone are increased, the levels of auxin are reduced, which affects the whole seedling 

appearance (Ruyter-Spira et al., 2011). 

Additionally, the density of the emerged lateral roots is reduced by GR24, which is also a 

process, dependent on the auxin concentration (Lucas et al., 2008). The delivery of auxin into 

the developing lateral root is enabled by the repolarization of the PIN1 protein (Ruyter-Spira 

et al., 2011). On the other hand, GR24 modulates this process by modulating and reducing 

the auxin levels in the aerial parts and then the amount of auxin, which reaches the LR, is not 

sufficient respectively (Ruyter-Spira et al., 2011). 

Our aim was to study the MAX2-dependence of strigolactone-mediated root growth 

inhibition. We show that the application of strigolactones affects and impairs both the 

primary root length and the density of the emerged lateral roots. High concentrations of GR24 

inhibits the growth of the primary root length in both wild type and max2-1. Moreover, max2 

is showing a resistance in the density of lateral roots compared to the control, which means 

that the inhibitory effect of strigolactones on the lateral root development is MAX2-

dependent.  
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3.6 Putative regulator of PIN polarity identified by means of forward genetics screen 

using strigolactone analogue GR24 

 

3.6.1 Abstract 

 
In eukaryotic organisms, the establishment of cell polarity, which is a generation of 

asymmetry in the cell structure, is very important to multicellular existence. In plants this 

seems to be even more crucial as plants typically adapt to the changing environment by 

reshaping development. Auxin plays an important role in this process and regulates the shape 

and direction of organ growth and development (Friml et al., 2003). There is a cell-to-cell 

transport of it, performed by the auxin efflux carriers from the PIN family, which have a polar 

localization. In the presence of the strigolactone-analog GR24, the PINs are depleted from the 

basal plasma membrane and as a result, in the presence of GR24, the root growth is inhibited 

and the roots are agravitropic. These properties were a basis of a forward genetic screen, 

where GR24 was used as a tool to identify novel regulators of polar PIN localization. The EMS 

mutant pig1 (PIN localization resistant to GR24 1) has a proper root growth, gravitropism and 

normal PIN polarization in the presence of GR24. 

 

3.6.2 Introduction 

 
Many events in the plant life are controlled by the phytohormone auxin, including processes 

at embryonic (Friml et al., 2003; Schlereth et al., 2010) and postembryonic level (Sabatini et 

al., 1999; Friml et al., 2002). In addition, responses to the changes in the environment like 

gravitropism or phototropism are regulated by auxin (Ding et al., 2011; Rakusová et al., 2011). 

Within plant tissues there are the auxin concentration gradients, which regulate many 

processes and also trigger downstream signalling cascades (Benkova et al., 2003; Sorefan et 

al., 2009).  It was also reported that strigolactones can act as signalling molecules in the 

context of regulation of the shoot branching (Gomez-Roldan et al., 2008; Umehara et al., 

2008).  

In this study, we observe the effect of the exogenous application of strigolactone on the PIN1 

localization and internalization. By the implementation of GR24, which is a synthetic 



 
 

strigolactone analogue, we did a forward genetic screen to identify the regulators of PIN 

polarity, which lead to the identification of PIG1, which modulates intracellular auxin and 

auxin-conjugate levels. It regulates the plasma membrane abundance of PIN and modulates 

the protein vacuolar targeting.  

 

3.6.3 Results 

 
The pPIN1::PIN1-GFP expressing line showed an inhibited root growth and the gravitropism 

was disturbed upon transfer to 50 μM GR24 containing ½ MS medium. In contrast, the roots 

of pig1-1 maintained growth and showed more normal gravitropic response in the same 

conditions. Moreover, pig1-1 did not show alterations in the PIN1 polar localization upon 

GR24 treatment, which was observed in the control seedlings (Baster et al., unpublished). The 

mutation, which was responsible for the phenotype of pig1 is a substitution of single 

nucleotide in the coding region of At5G50850, which is a gene coding for pyruvate 

dehydrogenase E1-β subunit (PD E1-β) (Luethy et al., 1995). In addition, the pyruvate 

dehydrogenase complex (PDC) in plants consists of three main components: E1 – pyruvate 

dehydrogenase (PD), E2 – dihydrolipoyl acetyltransferase (DA) and E3 – dihydrolipoyl 

dehydrogenase (DD), which catalyze three sequential reactions. Moreover, the E1 part of the 

PDC forms heterotetramer of two α and two β subunits. In plants the PDCs are special as they 

exist in two spatially and functionally separated forms (Mooney et al., 2002). The 

mitochondrial PDC participates in the reaction of catalyzing the oxidative decarboxylation of 

pyruvate, which is derived from glycolysis in the cytoplasm, to acetyl-CoA, which is used as a 

carbon source for the energy production and reducing agent NADH during Krebs cycle 

(Lernmark and Gardestrom, 1994; Randall et al., 1996). Additionally, there is the other pool 

of plastid form (plPDC), which provides the same substrate Acetyl-CoA for de novo fatty acid 

biosynthesis (Camp and Randall, 1985). The role of the PDC is to catalyze the oxidative 

decarboxylation of pyruvate to CoenzymeA, which is acetylated to form acetyl-CoA (Mooney 

et al., 2002). One possibility for the effect of mtPD on the resistance of root growth to auxin 

amino-acid conjugates is that the metabolism of auxin could be indirectly affected by reduced 

levels of acetyl-CoA, which is the result of defective or delayed pyruvate conversion. Another 

suggestion for its activity was that mtPD could interact with other subunits of PDC during the 
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conversion of indole-3-pyruvate (IPA) to indole-3-acetyl-CoA (IAA-CoA), which can be 

hydrolyzed to release free IAA or act as a precursor IAA conjugates (Koga, 1995; LeClere et al., 

2004) and in this case certain tissues might have altered levels of auxin and auxin conjugates. 

As a support of this claim there is a recent evidence that the abundance of IAA-amino acid 

conjugates in tissues of PD E1-α mutant was doubled relatively to wild type plants (Quint et 

al., 2009). 

To further characterize the role of the pig1 gene, we applied 50 μM GR24 for 12h or 24h and 

we studied the auxin metabolomics profiling of the pig1, max2 mutants and mock. We 

collected the root tips and the shoots of the samples (see Materials and Methods) and we 

send them for analysis to the Labor of Ales Pencik, having the equipment and protocols for 

the profiling of plant hormones and their metabolites. 

The levels of l-Tryptophan (Trp), which is an amino acid generated by the shikimate pathway, 

is the key precursor of four major auxin biosynthesis pathways in plants: the indole-3-

acetamide (IAM), indole-3-acetaldoxime (IAOx), tryptamine (TRA), and indole-3-pyruvic acid 

(IPyA) pathways, named according to the major intermediate (Mano and Nemoto, 2012; 

Ljung, 2013; Kasahara, 2016; Pencík et al., 2018) (Figure 4). After the biosynthesis and the 

transport of auxin, this hormone can be degraded by oxidation and subsequent conjugation, 

producing the major metabolites 2-oxindole-3-acetic acid (oxIAA) and oxIAA-glucose (oxIAA-

glc) (Ostin et al., 1998; Kai et al., 2007; Pencík et al., 2013, 2018). In addition, the auxin can be 

inactivated by the mechanism of formation of conjugates with amino acids or sugars (Tam et 

al., 2000; Kowalczyk and Sandberg, 2001; Pencík et al., 2018). After the hydrolyzation of some 

of this conjugates, then free auxin is released, which indicates that they play the role of 

temporary storage forms for the inactive hormone (reviewed by (Ludwig-Müller, 2011) 

(Pencík et al., 2018)). However, conjugates like IAA-aspartate (IAAsp) and IAA-glutamate 

(IAGlu), are not reversibly converted to IAA, and might have a role as degradation 

intermediates (Kowalczyk and Sandberg, 2001; Woodward and Bartel, 2005; Pencík et al., 

2018). 

 



 
 

 

Figure 4: Putative pathways of IAA biosynthesis and metabolism in Arabidopsis. Dashed arrows indicate steps in which the enzymes 

catalysing the reaction are not known. Significantly higher (red) or lower (green) concentrations of individual metabolites in investigated 

mutant lines showing the greatest difference from wild-type IAA metabolomes are indicated (Pencik et al., 2018). 

The information on amount of free hormone, biosynthetic precursors and major metabolites 

is important for the understanding of auxin metabolism. However, it is difficult to collect the 

data as often the concentrations of the metabolites are very low and it is also difficult to 

prepare the plant extract from the desired organ (Tarkowská et al., 2014). In addition, many 

of this compounds are unstable and can be easily degraded during extraction and purification 

(Pencík et al., 2018). For more targeted and efficient analysis, once can use the ultra-fast LC 

coupled with high-sensitivity tandem MS (LC-MS/MS) (Novák et al., 2014; Porfírio et al., 2016). 

In the following graphs, there are the tendencies and alterations of the auxin metabolites 

after application of strigolactone. 
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Figure 5: Tendencies and alterations of the auxin metabolites after application of strigolactone. The auxin metabolomics profiling after 

application of GR24 for 12h or for 24h was done on root tips and shoots. The graphs represent the concentrations of the different conjugates 

in the control situation or after application of strigolactone. The data in every chart is based on the quantification from three independent 

biological samples. 

 

The application of strigolactone had an effect on the amount of free IAA in the wild type 

situation. By comparing the results, there is always an elevation in the amount of free IAA 

after the application of strigolactone (Figure 5). Additionally, we wanted to observe how the 

mutation in the At5G50850 gene, coding for pyruvate dehydrogenase E1-β subunit (PD E1-β) 

influences the levels of auxin conjugates. Unfortunately, there were no particular, repetitive 

trends in the concentrations of conjugates in the mock situation and after strigolactone 

treatment. To further investigate the role of this mutation and also the role of the max2 gene 

on the auxin conjugates, once should do further repetitions or design a better experimental 

setting.  Regardless of the technical shortcomings, there is a clear trend that strigolactone 

increased levels of free auxin/IAA. 

 

3.6.4 Discussion and conclusions 

 

Our aim was to analyze the auxin metabolites in the root tips and in the shoots in normal 

condition and after treatment with GR24 in wild type, pig1, max2 and mab1. For this we did 

the sampling of the root tips and of the shoots in normal condition and after treatment with 

50 μM GR24 for 12 or 24h. Our results show that there is a tendency of increased amounts of 

free IAA in wild type after application of strigolactone. Due to technical shortcomings in the 

sampling and in the analysis, we could not make any conclusion about the tendencies for the 

other auxin conjugates and for the other genotypes. 
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3.7 Material and methods 

 

Plant material and growth conditions  

All Arabidopsis thaliana mutants and transgenic lines used in this study are in the Columbia 

(Col-0) background and have been described previously. Surface-sterilized seeds were sown 

on half-strength Murashige and Skoog (1/2 MS) agar plates and stratified for 2 days at 4°C. 

Plants were grown on vertically oriented plates under 16h light/ 8h dark photoperiod at 18°C 

for 4-10 days. 

 

Drug application and experimental condition for the BFA/NAA/GR experimental setting 

Exogenous drugs were applied as following: GR24 (rac-GR24; 50 mM stock in acetone made 

freshly; StrigoLab; working concentrations of 25 μM and 50 μM GR24), 1-naphthalenacetic 

acid (NAA; 10 mM stock in DMSO; Sigma; working concentration of 5 μM or 10 μM), 

BrefeldinA (BFA; 50 mM stock in DMSO; Invitrogen; working concentration of 25 μM). Control 

treatments contained an equivalent amount of solvent. For testing NAA inhibition on BFA-

induces internalization the conditions were: 60 min with 25 μM BFA; or 30 min pretreatment 

with 10 μM NAA, followed by 60 min co-treatment of NAA/BFA; or first a 30 min pretreatment 

with 25 μM GR24, then another 30 min pretreatment with NAA/GR24 (or a simultaneous 

pretreatment with GR24/NAA for 30 min), followed by concomitant GR24/NAA/BFA 

treatment for 60 min. 

 

In situ expression and localization analysis 

In Arabidopsis, whole-mount immunolocalization was performed as described (Sauer and 

Friml, 2010). Antibodies were diluted as follows: 1:1000 for rabbit anti-PIN1 and 1:600 for CY-

3 (Sigma) conjugated anti-rabbit secondary antibody (Paciorek et al., 2005).   

 

Drug Application and Experimental Conditions for the auxin metabolomics profiling 

For the metabolomics profiling the seedlings were germinated on a mash for 6 days on ½ MS 

medium. Then they were transferred to a freshly prepared plate, containing ½ MS medium, 

supplemented with 50 μM GR24 or a control plate, containing the same amount of acetone 

(as the GR24 was dissolved in acetone). The treatment was done for 12h or 24h and there 



 
 

were 3 biological replicates (3 different plates) with around 100 seedlings of each genotype. 

The root tips or the shoots were cutted and carefully collected in a 20 μl drop of water, which 

was placed on the edge of an Eppendorf tube and the samples were immediately frozen into 

liquid nitrogen and late shipped on dry ice for further analysis. The same procedure was 

repeated for the cotyledons. 

 

Strigolactone root assay 

For the strigolactone root assay, the seedlings were germinated on a GR24 or acetone (of the 

same volume) containing plate. The seedlings were grown for 8 days under the usual 

conditions. The plates were scanned and the primary root lengths and the density of lateral 

roots was measured. 

 

Grafting experiments 

For the grafting experiments, the seedlings were grown on a mash for 5 days. Under sterile 

conditions, the hypocotyl was cutted and then the different parts were reconnected. The 

regeneration of the tissue was evaluated and quantified in the following days. The emerging 

adventitious roots were removed.  
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4 Endosidin 9 (ES9) and Endosidin 9-17 (ES9-17) are small molecules, inhibitors of clathrin-

mediated endocytosis  

 

4.1 Introduction 

 

In eukaryotic cells the clathrin-mediated endocytosis (CME) is a conserved and essential 

cellular trafficking mechanism (McMahon and Boucrot, 2011). It is a major route for the 

uptake of plasma membrane proteins and molecules from the extracellular environment. In 

plants, there are machineries and molecules, which are important for the CME such as 

clathrin, the adaptor protein complex-2 (AP-2), the dynamins and the TPLATE adaptor 

complex (TPC) (Baisa et al., 2013; Gadeyne et al., 2014). For the study of the endomembrane 

trafficking processes in the model organism Arabidopsis thaliana, once can use classical 

genetic approaches, but this method is often limited by the gene redundancy or by the mutant 

lethality (Zwiewka and Friml, 2012). Moreover, highly dynamic processes such as 

endomembrane trafficking are difficult to be approached at the protein level and a possible 

solution for that might be the implementation of small molecules, which have an immediate 

effect and alter the protein function  (Hicks and Raikhel, 2012).  

In the past years, the molecule tyrphostinA23 (TyrA23), which is a tyrosine-like small 

molecule, was developed as a substrate for mammalian tyrosine kinases but has been 

regularly used as an inhibitor of CME (Yaish et al., 1988). The mechanism of action of the 

molecule was through its ability to interfere with the interaction between the tyrosine-based 

internalization motifs and the medium subunit of the clathrin associated adaptor complex AP-

2 (Crump et al., 1998; Banbury et al., 2003). Recent data showed that TyrA23 inhibits the 

formation of flagellin 22(flg22)-elicited reactive oxygen species formation, which shows that 

TyrA23 affects CME, but also other cellular processes (Smith et al., 2014). There are also other 

known CME inhibitors established in mammalian and yeast model systems such as the 

dynamin inhibitor dynasore, which targets the clathrin terminal domain, but has an effect also 

on the clathrin-independent endocytosis (Macia et al., 2006; McCluskey et al., 2013; Willox et 

al., 2014; Park et al., 2013). In addition, there is also the dynasore-based series of small 

molecules, called Dyngo, which is affecting the dynamin function (McCluskey et al., 2013). 

Another small-molecule inhibitor of CME is pitstop2, which has as a target the N-terminal 
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domain (nTD) of the CHC (von Kleist et al., 2011). Additional example of a compound, inhibitor 

of CME, is the natural product ikarugamycin, which has undefined mechanism of action (Elkin 

et al., 2016). Most of these molecules have not been thoroughly tested for their effects in 

plants. 

In our papers, we identified Endosidin 9 (ES9) and Endosidin 9-17 from a collection of small 

molecules with the property to affect endomembrane trafficking (Dejonghe et al., 2016, 

2019). ES9 is a small molecule inhibitor of clathrin-mediated endocytosis in Arabidopsis 

thaliana, HeLa cells and Drosophila melanogaster. We showed that this molecule uncouples 

mitochondrial oxidative phosphorylation, which is a property, shown also for TyrA23. The 

action of both molecules is through acidification of the cytoplasm caused by uncoupling 

proton gradients, which has an essential effect on energy metabolism, pH homeostasis and 

dynamic processes in the cells, such as clathrin-mediated endocytosis. The acidification was 

the reason for the increase in the lifetime of clathrin and the associated adaptors, which led 

to the reduction of the phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which is the reason 

for the inhibition of the formation of clathrin-coated pits. Additionally, we characterized the 

mode of action of a non-protonophoric improved analogue of ES9 - ES9-17, which is more 

specific and binds to the clathrin heavy chain. Both compounds, ES9 and ES9-17, have 

enlarged the options on molecules, which could be implemented to inhibit CME or design 

event better inhibitors of clathrin-mediated endocytosis in different model systems. 

 

 



 
 

4.2 Results 

 
Figure 1: ES9 and ES9-17 as small molecules, inhibitors of clathrin-mediated endocytosis. (A) Chemical structure of ES9. (B) Boxplot 

representation of transferrin uptake in HeLa cells after 20 min in the presence of 50 μM dynasore and 10 or 50 μM ES9. The signal intensity 

is plotted relative to mock (DMSO) and shows a concentration dependent inhibition of uptake by ES9. Center lines show the medians; box 

limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th 

and 75th percentiles; outliers are represented by dots. The box width is relative to sample size (n=35, 29, and 61 cells). (C) Boxplot 

representation of transferrin uptake in HeLa cells in the presence of 1 μM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) and 350 μM 

tyrphostin A23 (TyrA23) relative to mock (DMSO), n=28 and 25 cells respectively. (D) Structure of ES9-17. (E) Transferrin uptake in HeLa 

cells, relative to the first time point, in the presence of DMSO (Ø), ES9-17 (30 μM), and Pitstop2 (20 μM) at 5 to 20 min. At least 65 cells were 

quantified for four biological repeats. (F) WST-1 cell proliferation assay indicating metabolically active HeLa cells upon treatment with DMSO 

(Ø), ES9-17 (30 μM), and Pitstop2 (20 μM). Individual data points are plotted for two biological repeats. 

 

To study the effect of the small molecules ES9 and ES9-17 we used an assay, where we did 

Live Cell Imaging on the uptake of fluorescently labelled transferrin into HeLa cells (Figure 1). 

We quantified the intracellular mean grey value for a time period of 20 min after the 

application of the clathrin-mediated endocytosis marker (Figure 1B, 1C and 1E). We compared 

the different treatments to the mock situation and we made our conclusions on the function 

of the small molecules. We did also a cell proliferation assay to verify that the effect of the 

compounds is not due to cytotoxicity (Figure 1F).   
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4.3 Discussion and conclusions 

 

The small molecule ES9 impairs clathrin-mediated endocytosis in Arabidopsis thaliana, HeLa 

cells and Drosophila neurons (Dejonghe et al., 2016). Similarly, TyrA23, also decreased the 

cellular ATP levels and both molecules showed effects as CCCP on mitochondrial respiration, 

uncoupled oxidation and phosphorylation in isolated Arabidopsis mitochondria (Dejonghe et 

al., 2016). The small molecules ES9 and TyrA23 are uncouplers of mitochondrial oxidative 

phosphorylation, which causes cytoplasmic acidification and then due to these acidification 

there is a prolonged lifetime of clathrin and of the associated adaptors, which leads to a 

decrease in the phosphatidylinositol-4,5-biphosphate on the plasma membrane and due to 

this no clathrin pits can be formed (Dejonghe et al., 2016).    

ES9-17 is another small molecule, which is a non-protonophoric analog of ES9, which binds 

CHC nTD and like this it impairs the clathrin-mediated endocytosis. ES9-17 can reduce the 

uptake of transferrin in HeLa cells at a concentration of 30 µM ES9-17 for 20 min, but not to 

a degree, which was observed with 20 µM Pitstop2. To verify that the inhibition of transferrin 

uptake was not due to the cytotoxicity of the compounds, we did a cell proliferation assay.  

In conclusion, ES9 and ES9-17 are another addition to the chemical toolbox for clathrin-

mediated endocytosis inhibitors across different systems.  

 

4.4 Material and Methods 

 

HeLa cell cultures.  

HeLa cells were grown in DMEM (Gibco, Life technologies), supplemented with 10% fetal calf 

serum (Gibco, Life Technologies) and 1% antibiotics (penicillin/streptomycin) (Gibco, Life 

Technologies), and maintained in a humidified incubator at 37°C under a 5% CO2 atmosphere. 

Live imaging of HeLa cells.  

For the microscopy observation of living cells, HeLa cells were placed on a MatTek chamber 

and incubated overnight in a humidified incubator at 37°C and under a 5% CO2 atmosphere 

to enable their attachment to the coverslip. All tested compounds were dissolved in DMSO 

and were diluted to the desired concentration in DMEM medium without fetal calf serum and 

without phenol red (Gibco, Life Technologies). To study the effect of different compounds on 



 
 

endocytosis in HeLa cells, transferrin from human serum, Alexa Fluor 488 Conjugate (Life 

Technologies) was implemented. The cells were pre-treated with the compounds for 30 min 

at 37°C and a 5% CO2 atmosphere, followed by the exchange of the medium with a fresh one, 

containing the same compound concentration and 25 μg ml_1 fluorescently labelled 

transferrin. Imaging was done with a LSM 700 inverted confocal microscope (Zeiss) with a 

plan-apochromat 40x/1.2 water objective lens for a time period of up to 20 min after placing 

the transferrin-containing solution on the cells. The images were quantified in ImageJ by 

measuring the signal intensity of the mock-treated (between 0.01% [v/v] and 0.7% [v/v] 

DMSO) cells and the signal intensity of the compound-treated cells. 

Cell viability assay. For the WST-1 assay, HeLa cells were grown in a 96-well plate and 

incubated with the compounds for 30 min, followed by the addition of 10 μl WST-1 reagent 

(Sigma-Aldrich) to 100 μl of medium. Absorbance was measured at 450 nm versus that at the 

690 nm reference by means of a plate reader. 

 

4.5 Reference 

 
Adamowski, M., Narasimhan, M., Kania, U., Glanc, M., De Jaeger, G., and Friml, J. (2018). A 

Functional Study of AUXILIN-LIKE1 and 2, Two Putative Clathrin Uncoating Factors in 

Arabidopsis. Plant Cell 30: 700 LP – 716. 

Baisa, G.A., Mayers, J.R., and Bednarek, S.Y. (2013). Budding and braking news about 

clathrin-mediated endocytosis. Curr. Opin. Plant Biol. 16: 718–725. 

Banbury, D.N., Oakley, J.D., Sessions, R.B., and Banting, G. (2003). Tyrphostin A23 Inhibits 

Internalization of the Transferrin Receptor by Perturbing the Interaction between 

Tyrosine Motifs and the Medium Chain Subunit of the AP-2 Adaptor Complex. J. Biol. 

Chem.  278: 12022–12028. 

Crump, C.M., Williams, J.L., Stephens, D.J., and Banting, G. (1998). Inhibition of the 

Interaction between Tyrosine-based Motifs and the Medium Chain Subunit of the AP-2 

Adaptor Complex by Specific Tyrphostins. J. Biol. Chem.  273: 28073–28077. 

Dejonghe, W. et al. (2019). Disruption of endocytosis through chemical inhibition of clathrin 

heavy chain function. Nat. Chem. Biol. 15: 641–649. 

Dejonghe, W. et al. (2016). Mitochondrial uncouplers inhibit clathrin-mediated endocytosis 



117 
 

largely through cytoplasmic acidification. Nat. Commun. 7: 11710. 

Dhonukshe, P., Aniento, F., Hwang, I., Robinson, D.G., Mravec, J., Stierhof, Y.-D., and Friml, 

J. (2007). Clathrin-Mediated Constitutive Endocytosis of PIN Auxin Efflux Carriers in 

Arabidopsis. Curr. Biol. 17: 520–527. 

Elkin, S.R., Oswald, N.W., Reed, D.K., Mettlen, M., MacMillan, J.B., and Schmid, S.L. (2016). 

Ikarugamycin: A Natural Product Inhibitor of Clathrin-Mediated Endocytosis. Traffic 17: 

1139–1149. 

Gadeyne, A. et al. (2014). The TPLATE Adaptor Complex Drives Clathrin-Mediated Endocytosis 

in Plants. Cell 156: 691–704. 

Hicks, G.R. and Raikhel, N. V (2012). Small Molecules Present Large Opportunities in Plant 

Biology. Annu. Rev. Plant Biol. 63: 261–282. 

Kitakura, S., Vanneste, S., Robert, S., Löfke, C., Teichmann, T., Tanaka, H., and Friml, J. 

(2011). Clathrin mediates endocytosis and polar distribution of PIN auxin transporters in 

Arabidopsis. Plant Cell 23: 1920–1931. 

Macia, E., Ehrlich, M., Massol, R., Boucrot, E., Brunner, C., and Kirchhausen, T. (2006). 

Dynasore, a Cell-Permeable Inhibitor of Dynamin. Dev. Cell 10: 839–850. 

McCluskey, A. et al. (2013). Building a better dynasore: the dyngo compounds potently inhibit 

dynamin and endocytosis. Traffic 14: 1272–1289. 

McMahon, H.T. and Boucrot, E. (2011). Molecular mechanism and physiological functions of 

clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 12: 517. 

Park, R.J., Shen, H., Liu, L., Liu, X., Ferguson, S.M., and De Camilli, P. (2013). Dynamin triple 

knockout cells reveal off target effects of commonly used dynamin inhibitors. J. Cell Sci. 

126: 5305–5312. 

Reynolds, G.D., Wang, C., Pan, J., and Bednarek, S.Y. (2018). Inroads into Internalization: Five 

Years of Endocytic Exploration. Plant Physiol. 176: 208 LP – 218. 

Smith, J.M., Salamango, D.J., Leslie, M.E., Collins, C.A., and Heese, A. (2014). Sensitivity to 

Flg22 Is Modulated by Ligand-Induced Degradation and de Novo Synthesis of the 

Endogenous Flagellin-Receptor FLAGELLIN-SENSING2. Plant Physiol. 164: 440 LP – 454. 

von Kleist, L. et al. (2011). Role of the Clathrin Terminal Domain in Regulating Coated Pit 

Dynamics Revealed by Small Molecule Inhibition. Cell 146: 471–484. 

Willox, A.K., Sahraoui, Y.M.E., and Royle, S.J. (2014). Non-specificity of Pitstop 2 in clathrin-

mediated endocytosis. Biol. Open 3: 326–331. 



 
 

Yaish, P., Gazit, A., Gilon, C., and Levitzki, A. (1988). Blocking of EGF-dependent cell 

proliferation by EGF receptor kinase inhibitors. Science (80-. ). 242: 933 LP – 935. 

Zwiewka, M. and Friml, J. (2012). Fluorescence imaging-based forward genetic screens to 

identify trafficking regulators in plants. Front. Plant Sci. 3: 97. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 
 

5 General conclusions, discussion and perspectives 

 

The endomembrane trafficking, besides the well-known cellular house-keeping functions, 

also mediates responses to the environmental changes and different developmental 

processes. The plant cell has trafficking machineries, which support a large spectrum of 

processes such as signal mediation, metabolite transport, organelle mobility, communication 

and cell proliferation. In Arabidopsis thaliana, the auxin influx and efflux carriers have been 

identified, which act at the plasma membrane and are important for the directional flow of 

this phytohormone (Grunewald and Friml, 2010). Through the trafficking of the auxin efflux 

carriers from the PIN family, many of the auxin related processes are regulated, which is 

crucial for the subcellular auxin homeostasis and also for the cell-to-cell directional transport 

(Grunewald and Friml, 2010). Moreover, the intracellular endomembrane trafficking is 

regulated by different mechanisms, where an important role play the small GTPases, which 

act as molecular switches of different processes due to their ability to bind or hydrolyze 

guanosine triphosphate (GTP). The cellular transport machineries are studied for many years, 

but still there are many uncharacterized molecular pathways, which is an interesting research 

topic to further characterize and identify novel membrane trafficking factors.  

This PhD thesis is focused on endomembrane trafficking in Arabidopsis thaliana. I have 

characterized an additional component of intracellular membrane trafficking, which helps the 

plant to survive better and to adapt to inhibited ARF-GEF mechanisms. For this, we identified 

a mutant in a morphology based screen for plants growing and surviving better than the 

parental line in the presence of the fungal toxin BFA. On the other hand, it shows higher 

sensitivity on a cellular level as after washout or long incubation with BFA there are remaining 

BFA bodies. I combined pharmacological treatment and marker studies in order to 

characterize the role of the BAR1/SACSIN protein.  

Next, in order to achieve better understanding of the regulation of the intracellular trafficking 

and PIN polarity, I studied the effect of strigolactones on the PIN internalization and also the 

role of phosphorylation in the strigolactones regulation of auxin feedback on PIN 

internalization. With my experiments and observations I confirmed that strigolactones have 

the property to moderate the polar auxin transport. We also report that the inhibitory effect 

of auxin on the cellular internalization of PINs is counteracted by SLs. As the effect of auxin 

on the inhibition of internalization is a requirement for increased PAT and also for the 



 
 

canalization process, when strigolactones are applied into the system, then it becomes less 

likely to induce canalization related growth responses.  

Last, but not least, with the aim to further characterize and understand the clathrin-mediated 

endocytosis process, I participated in a collaboration, where we characterized the role of two 

small molecules, which inhibit the FM4-64 uptake in Arabidopsis thaliana. ES9 acts as a 

chemical uncoupler of proton gradients, with important implications on energy metabolism, 

pH homeostasis and dynamic processes in the cell, including CME and mimics also the known 

CME inhibitor Tyrphostin A23. An analogue of ES9 – ES9-17 was identified which retained the 

ability to inhibit CME, yet lacked characteristics of an uncoupler. It proved to be more specific 

compared to ES9, and was found to bind to clathrin heavy chain.  

In the next paragraphs, I will make general conclusions and I will discuss the research I did 

and also the future perspectives by suggesting experiments for further investigations. 

 

5.1 SACSIN mediates adaptation of plant cells to ARF-GEF inhibition 

 

We designed a morphology based screen on an EMS treated PIN1pro::PIN1-GFP expressing 

Arabidopsis population to select mutants, which have an insensitive phenotype to the vesicle 

trafficking inhibitor BFA, and show abnormal PIN1-GFP accumulation after long treatment 

with this compound. Among them, we identified bar1 (bfa altered response 1), which is a 

recessive mutant and survives and develops better on a BFA containing in vitro cultures on 

solid medium compared to the parental PIN1pro::PIN1-GFP line. In addition, by using protein 

prediction tools, we observed a homology of the encoded protein to the human SACSIN. In 

humans, mutations in the SACS gene lead to ARSACS, which is a neurodegenerative disease, 

which cause is a defect in the mitochondria fission. In comparison, in plants, the SACSIN 

protein is present in the very early diverging species like green algae, ferns and moss, which 

suggests that the protein has an important and preserved role, which might be responsible 

for the adaptation to the changing environment. In addition, the protein prediction suggests 

that due to the presence of the 90-like ATPase domains, one of the putative roles of SACSIN 

is to direct folding through ATP-dependent mechanisms (Powers and Balch, 2013). Moreover, 

together with the presence of a C3HC4-type RING finger domain, the protein is prone to many 

interactions and bindings to other proteins, but also to participate in the protein homeostasis 
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network, where the SACSIN protein may play an important role as a component of the 

degradation machinery and proteostasis (Powers and Balch, 2013).  

The plasma membrane of eukaryotic cells is an essential functional hub between the cell and 

the surrounding environment (Sigismund et al., 2012). At the cell surface, a crucial role play 

the regulated retrieval of transporters and receptors – from the plasma membrane 

(endocytosis) and then their delivery back by exocytosis, where the process in plants is known 

as constitutive endocytic recycling (Geldner et al., 2001). This mechanism is regulated by a 

vesicle budding regulator GNOM ARF-GEF, which is sensitive to a fungal toxin BFA (Geldner et 

al., 2001). The ARF proteins are known to perform their function in subcellular trafficking and 

their activity switches between the inactive (GDP) and the active (GTP) bound state (Geldner 

et al., 2003). There are evidences for the involvement of them in the subcellular trafficking of 

the PIN1 protein, where by implementing BFA as a pharmacological tool to study the vesicle 

trafficking process, the endocytic recycling of this protein was observed (Geldner et al., 2001, 

2003; Richter et al., 2007; Tanaka et al., 2009). Moreover, the inhibition of the ARF protein 

function results in different trafficking defects defined by the intracellular accumulation of 

plasma membrane cargos (Lee et al., 2002). If there are defects in the endocytic recycling of 

the PIN1 protein, this would disrupt the polar auxin transport, which is required in 

developmental situations such as formation of lateral roots or vasculature system 

development (Geldner et al., 2004). We show that the sacsin morphology phenotype is 

characterized by a more complex vasculature system, which is evidence for a defect in the 

trafficking of the PIN1 protein and which suggests a role of SACSIN in auxin transport related 

processes. Additionally, the gravitropic response depends on the correct PIN2 polarity 

(Wiśniewska et al., 2006). There were no gravitropism defects and or altered PIN2 localization 

after immunolocalization studies in the epidermis cells of the sacsin root. The experiments in 

nondisturbed conditions were designed to verify, if SACSIN has any detectable trafficking 

defects. Our observations of the fluorescent recovery after photobleaching (FRAP) showed no 

significant difference in FRAP of PIN1pro::PIN1-GFP and bar1-2 mutant, suggesting that the 

PIN1 trafficking defects are not caused by reduced PIN1 secretion or recycling. This results are 

consistent with our observations for the β-estradiol inducible PIN1-RFP line and for the 

PIN2::PIN2-Dendra line. Additionally, in the absence of BFA there was no effect on the 

vacuolar targeting of PIN2-GFP or defects in the endocytosis after performing FM4-64 uptake 

experiments. These results show that we cannot detect a role of SACSIN in normal trafficking, 



 
 

but the mutation has a specific effect on BFA reactions, pronounced as higher sensitivity to 

this compound. It has a strong impact on the intracellular trafficking as well as plant growth 

and development (Geldner et al., 2001). We did a visual inspection and a quantitative analysis 

of the PIN1 and PIN2 proteins and also of the TGN marker VHAa1-GFP after treatments with 

BFA. Our analysis after immunolocalization of both PIN proteins and life imaging of the 

VHAa1-GFP protein revealed that there is the remaining BFA bodies after washout, but also 

after long incubation with BFA, which sustain in the cells of the mutant. In conclusion, the 

sacsin mutation has a specific effect on BFA reactions, both in the seedling growth and in the 

cellular reactions of the endomembrane system, observable by aggregation and dissolution 

of the BFA body. Interestingly, while the growth reaction is clearly resistance, the cellular 

reactions appears as oversensitivity or inability to recover. 

In Arabidopsis thaliana there are distinct ARF-GEFs dependent apical and basal targeting 

machineries. In addition to its general function in plasma membrane to endosome and back 

trafficking for polar and non-polar cargoes, GNOM plays an essential role in the basal 

targeting of the PIN proteins, whereas apical targeting is independent of GNOM and possibly 

requires BFA-resistant ARF-GEFs (Kleine-Vehn et al., 2008). To identify the role of SACSIN in 

this process, we used the weak gnom allele – gnomR5 where there is increased targeting of 

PIN1 to the apical side, which illustrates an altered affinity of PIN1 for the apical targeting 

pathway (Kleine-Vehn et al., 2008). By analysing of our results we confirmed that 

pharmacological or genetic inhibition of the GNOM ARF-GEF is sufficient to recruit basal 

cargoes into the apical pathway. Interestingly, after long treatment with BFA, there is a partial 

apicalization of the PIN1 protein not only in wild type, but also in sacsin, however in gnomR5 

the PIN1 protein is apicalized in all of the observed cells. As previously noted after long 

treatment with BFA, when the SACSIN protein is not participating in the whole machinery, 

then there is a trafficking defect from the BFA body to the apical side of the cells, pronounced 

in remaining BFA body aggregates in the cells. Moreover, we observe the pattern of 

apicalization also for gnomR5 in sacsin background, but additionally there is a defect in the 

trafficking machinery, observed as remaining BFA bodies in the cells after the prolonged BFA 

treatment. It seems that the aggregation or lack of aggregation of PIN1 in the body is a distinct 

phenomenon from its apico-basal sorting, which is unlike previous interpretations, where we 

rather concluded that the PIN1 has to leave the body to go apical instead. 
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In Arabidopsis thaliana there are eight genes, which encode Sec7 domain proteins. As 

previously identified, there are two BFA-insensitive ARF-GEFs – gnl1 and big3 (Richter et al., 

2007, 2014). Indeed, big3 was epistatic to sacsin as it was not germinating on a BFA containing 

in vitro cultures on solid medium. In addition, after the long treatment with BFA there were 

abnormally sized and shaped bodies in big3 and in big3 sacsin, which leads to the conclusion 

that big3 is epistatic to sacsin and both genes participate in the same trafficking pathway.  

The protein-protein interaction is important to predict the protein function (Rao et al., 2014). 

The resulting phenotypes in a plant are based on the interactions between genes and 

proteins. By using computational tools, once can study the genetic interaction between two 

genes by implementing the already constructed networks. Moreover, by the application of 

clustering algorithms, different gene expressions can be analysed and grouped together, 

according to the bioinformatics data of their expression levels. As a result, the gene 

expression can help to elucidate the functional relationship between different genes. Based 

on previous research, the genes, which are co-expressed are more prone to interact with each 

other than the proteins, encoded by genes belonging to different clusters (Grigoriev and 

Biotech, 2001). By using bioinformatics tools, we identified that SACSIN is co-expressed with 

BIG, which is a regulator of auxin transport (Paciorek et al., 2005). The BIG-deficient mutant 

doc1, allelic to tir3, has less basipetal auxin transport through the body and as a result there 

are less lateral roots (Gil et al., 2001) and they require higher concentrations of auxin in order 

to block the PIN1 endocytosis upon the implementation of BFA as a vesicle trafficking inhibitor 

(Paciorek et al., 2005). On the other hand, sacsin has a slightly increased number of lateral 

roots and a better survival on a BFA in vitro cultures on solid medium. We examined the 

SACSIN-BIG genetic interaction to elucidate its role in protein trafficking. We show that there 

were additive effects, where sacsin gives better growth and big gives worse growth and the 

double mutant is in between. Furthermore, when treated for long time with BFA, in sacsin 

there are the remaining BFA aggregates in the cells, however in wild type and doc1 there are 

less remaining cellular aggregates. Moreover, the cell phenotype of the double mutant looks 

like sacsin regarding the defective transcytosis, where the BFA bodies remain in the cells after 

long treatment with the vesicle trafficking inhibitor. Together, these results indicate that 

sacsin and big might function in the same trafficking pathway, but with opposite activities. As 

sacsin has more lateral roots and big less, then it might be that in sacsin there is higher 



 
 

basipetal auxin transport through the stem and root, where big is compensating with exactly 

the opposite phenotype. 

In these project we reveal an important novel insight into the intracellular trafficking 

mechanisms in Arabidopsis thaliana. We show that in this model organism morphology based 

forward genetics with BFA as a tool to identify mutant candidates is a feasible approach for 

novel components in endomembrane trafficking processes. By screening for mutants with a 

better growth and development on a BFA containing in vitro cultures on solid medium, we 

identified SACSIN. This protein is important for the plant to survive and grow better in the 

conditions of impaired BFA sensitive trafficking processes.  

Taken together, SACSIN has a role in multiple GNOM regulated trafficking processes, which 

are pronounced as a prolonged recovery of the BFA bodies after a washout, where the Golgi 

apparatus and TGNs aggregate for longer and also after the long BFA treatment, whereas in 

sacsin background the cells are not able to dissolve the aggregated BFA body.  

In summary, we have demonstrated that the interference with the function of SACSIN had a 

strong impact on the plant growth, survival and architecture in an artificial situation like the 

growth on a BFA containing in vitro cultures on solid medium.  

 

5.2 Strigolactone interferes with auxin feedback on PIN internalization 

 

The canalization hypothesis proposes a feedback effect of auxin on the polar localization of 

the auxin efflux carriers and consequently on the directionality of the auxin transport (Sauer 

et al., 2006). Another player in the establishment of many developmental processes is the 

phytohormone strigolactone, which also participates in the regulation of the polar auxin 

transport and canalization (Shinohara et al., 2013). As auxin reduces the internalization of the 

PIN proteins, when under the influence of strigolactone, it becomes less likely that 

canalization related growth responses are induced and the polar auxin transport is reduced 

(Shinohara et al., 2013).  

To examine through which signalling pathway the effect of strigolactone occurs, we used the 

primary root of Arabidopsis thaliana as a model system. The PIN1 protein there is localized to 

the basal side of the stele cells (Kleine-Vehn et al., 2008). We studied the localization of this 

marker after application of NAA and/or strigolactone in the presence of BFA, which we used 
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as a tool to study the vesicle trafficking processes. Our results show that the inhibitory effect 

of GR24 on auxin-mediated PIN lateralization was impaired in max2 when compared to wild 

type. Additionally, the receptor mutant d14 showed less sensitivity to GR24 with respect of 

counteracting NAA action on PIN endocytic trafficking. These results suggest that the 

synthetic GR24 interferes with auxin-mediated feedback on PIN internalization through the 

D14 receptor and MAX2-dependent pathway and it negatively regulates the process of 

canalization, but also regulates the auxin mediated polarization of the PIN transporters. 

 

5.3 Role of phosphorylation in the strigolactone regulation of auxin feedback on PIN 
internalization 

 

Through the alteration of the cycling of the PIN proteins between the plasma membrane and 

the endomembrane system, which influences the abundance of PIN proteins on the plasma 

membrane, the flow of auxin through tissues can be regulated, which has a developmental 

effect (Prusinkiewicz et al., 2009). It was shown that one of the effects of GR24 is to reduce 

the basipetal auxin transport (Prusinkiewicz et al., 2009). Strigolactones regulate the auxin 

feedback on PIN internalization which has an effect on the canalization properties (Sachs, 

2000; Sauer et al., 2006). On the other hand, there are the Ser/Thr protein kinase PINOID (PID) 

and the protein phosphatase 2A (PP2A), which also regulate the PIN localization (Kleine-Vehn 

et al., 2009). They act on the phosphorylation status of the PIN proteins, thus determining the 

apical or basal PIN targeting (Friml et al., 2004; Michniewicz et al., 2007). Previous research 

reported a role for PP2AAs (PP2AA1/RCN1, A2, and A3 proteins) in regulating PIN 

phosphorylation, polar localization and auxin transport (Rashotte et al., 2001; Michniewicz et 

al., 2007). They can participate in the assembly of both PP2A and PP6 holoenzymes (Dai et al., 

2012). The last one is formed by FyPPs, SAL genes, and PP2AAs, which can physically interact 

with a subset of PIN proteins and the strength of their interaction is regulated by the 

phosphorylation status of the PIN proteins (Dai et al., 2012). This holoenzyme consists of the 

three subunits (regulatory subunits A and B and a catalytic subunit C) and it plays a major role 

in regulating PIN phosphorylation, auxin transport, polar targeting and diverse plant 

developmental processes (Dai et al., 2012). PP6-mediated dephosphorylation promotes basal 

targeting of PIN proteins, while PID-dependent phosphorylation promotes apical PIN 

localization and regulates polar auxin transport and plant development. FyPP1 and FyPP3 



 
 

genes function as the catalytic subunit of PP6 and are required for proper polar localization 

to the basal side of the stele cells and loss of their activity leads to a basal-to-apical shift in 

the PIN polar targeting (Dai et al., 2012). However, there was still no evidence for a role of 

putative catalytic subunits of PP2A (PP2AC) in the regulation of the PIN protein 

phosphorylation and auxin transport (Dai et al., 2012). The Arabidopsis genome contains five 

genes encoding the putative C subunits of PP2A (PP2Ac1-5), and presumably these genes have 

redundant functions in regulating plant development (Dai et al., 2012). Moreover, there were 

no significant phenotypic changes in sal1 and sal4 (we tested only those; regulatory subunit 

B) single mutant seedlings compared with Col-0, indicating that there is probably functional 

redundancy (Dai et al., 2012). For our experiments we also used F1DN (35S:YFP-

FyPP1D81N/Col-0; hereafter, F1DN) and F3DN (35S:YFP-FyPP3D81N/Col-0; hereafter, F3DN) 

seedlings, which have drastic phenotypic changes, suggesting that PP6 is the primary 

phosphatase that regulates auxin transport-dependent plant developmental processes (Dai 

et al., 2012).  

We were interested to characterize the role of phosphorylation in the strigolactone regulation 

of auxin feedback on PIN internalization. We did PIN1 protein immunolocalization after NAA 

and/or GR24 treatment, where we implemented BFA as a tool to visualize the vesicle 

trafficking processes. We tested whether FyPP1, FyPP3, f1f3, SAL4 and PP2AAs are required 

for proper PIN1 localization and for this we did PIN1 immunolocalization after those 

treatments. In Col-0 roots, PIN1 is localized to the basal side of the stele cells, whereas in f1f3, 

F1DN and F3DN roots, there is a switch from the basal to the apical side in the vasculature 

cells of the untreated roots (Dai et al., 2012). Unfortunately, there are technical shortcomings, 

pronounced in the reproducibility and fluctuating tendencies when comparing our 

observations from the experiments on the different mutants. In our observations we get a 

reduction of the PIN1 internalization after GR/NAA/BFA treatment in the cases of 35S::FyPP1-

GFP and also in the dominant negative line F1DN, which makes any conclusions difficult. 

Additionally, we noticed less sensitivity of SAL4 to GR24 with respect of counteracting NAA 

action on PIN endocytic trafficking. These results suggest that the synthetic GR24 interferes 

with auxin mediated feedback on PIN internalization where SAL4 has a crucial role. Our 

conclusion from the performed experiments is that the phosphorylation might be directly or 

indirectly involved in the strigolactone regulation of auxin feedback on PIN internalization. 
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5.4 MAX2-dependence of strigolactone-mediated root growth inhibition 

 

Strigolactone and auxin define the root architecture in a concentration-dependent manner. 

Both hormones act in a regulated feedback circuit as strigolactones alter the amount and 

transport of auxin. Strigolactone effect on the primary root growth is accompanied by a GR24 

concentration dependent change. Previous research showed that Arabidopsis plants, grown 

in the presence of low levels of GR24 (1,25 and 2,5 μM) have an increase in the primary root 

length (Ruyter-Spira et al., 2011), which I could not observe in my experiments. The lower 

concentrations of GR24 lead to an increase in the auxin levels, which has an effect on the 

primary root length (Ruyter-Spira et al., 2011). At high concentrations of strigolactone these 

levels of auxin are reduced, which reduces the primary root length, but also the whole 

seedling appearance is affected and this could be due to general toxicity of the treatment 

(Ruyter-Spira et al., 2011). 

Additionally, GR24 reduced the lateral root density, which is also a process, dependent on 

different auxin fluxes (Lucas et al., 2008). The lateral root development is stimulated by the 

auxin amounts in the root tip (Casimiro et al., 2003), which is delivered there by polar auxin 

transport from the aerial parts (Bhalerao et al., 2002). Auxin is delivered into the developing 

lateral root through the repolarization of the PIN1 protein, which permits lateral root influx 

(Ruyter-Spira et al., 2011). GR24 modulates this process by reducing the auxin levels in the 

aerial parts and then the amount of auxin, which reaches the LR, is not sufficient respectively 

(Ruyter-Spira et al., 2011). 

Our results show that the application of strigolactones affects both primary root length and 

lateral root density. GR24 has an effect on the inhibition of the primary root length of wild 

type at low concentrations and also on the primary root length of max2-1 at higher 

concentrations. Moreover, the action of strigolactones on the inhibition of lateral root 

development is MAX2-dependent as max2 is showing a resistance in the density of lateral 

roots compared to the control. The response upon GR24 treatment is mediated through a 

modulation of local auxin levels and is therefore dependent on the auxin status and on the 

sensitivity of the plant. GR24 is a synthetic strigolactone and is a mixture of two stereoisomers 

(Mangnus et al., 1992), which could have different effect on the root development. To confirm 

the findings, experiments with natural strigolactones should be performed. 

 



 
 

5.5 Putative regulator of PIN polarity identified by means of forward genetics screen 
using strigolactone analogue GR24 

 

To characterize the role of strigolactone on the free IAA in Arabidopsis thaliana, we 

investigated the auxin-related metabolomics profiling after treatment with 50 μM GR24 for 

12 or 24h in the root tip and in the shoot. The application of strigolactone leads to elevation 

in the amount of free IAA in wild type. Moreover, we wanted to experimentally observe, if 

the mutation in the At5G50850 gene, coding for pyruvate dehydrogenase E1-β subunit (PD 

E1-β), or the mutation in the max2 gene, have an effect on the levels of auxin conjugates. 

Unfortunately, there were no reproducible and repetitive trends in the amounts of conjugates 

in the mock and after strigolactone treatment. There were technical shortcomings in the 

sampling and in the analysis, nevertheless, there is a tendency that GR24 increases the levels 

of free auxin/IAA. 

 

5.6 Endosidin 9 (ES9) and Endosidin 9-17 (ES9-17) are small molecules, inhibitors of 
clathrin-mediated endocytosis  

 

In the model organism Arabidopsis thaliana the internalization of plasma membrane proteins 

and extracellular cargos happens through clathrin-mediated endocytosis (Reynolds et al., 

2018). When characterizing the phenotype of mutants with defective clathrin-mediated 

endocytosis function, there is either a lethal phenotype or there is only a mild phenotype due 

to gene redundancy (Kitakura et al., 2011). In addition, there is also the option of inducible 

systems to interfere with CME, those targeting clathrin or auxillin or using small interfering 

RNA-mediated depletion of adaptor proteins (Gadeyne et al., 2014; Dhonukshe et al., 2007; 

Adamowski et al., 2018). The negative aspects of these approaches are connected with 

silencing, low gene induction efficiency and the longer time needed to deplete existing 

protein complexes. Positive aspect is that the applied effect of blocking the clathrin-mediated 

endocytosis can be reversed (Hicks and Raikhel, 2012).  

The identified small molecule ES9 inhibits CME in Arabidopsis thaliana, HeLa cells and 

Drosophila neurons (Dejonghe et al., 2016). It has an influence on the energy metabolism in 

all those model organisms similar to the established inhibitors of the ATP production. 

Similarly, TyrA23, also decreased the cellular ATP levels and both molecules showed effects 
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as CCCP on mitochondrial respiration, uncoupled oxidation and phosphorylation in isolated 

Arabidopsis mitochondria (Dejonghe et al., 2016). 

The ES9 non-protonophoric analog ES9-17 lacks a nitro group, which was electrostatically 

interacting with Arg64, and this is the reason why this new analog binds CHC nTD in a different 

orientation and affinity than ES9. ES9-17 can reduce the uptake of transferrin in HeLa cells at 

a concentration of 30 µM ES9-17 for 20 min, but not to a degree, which was observed with 

20 µM Pitstop2. To verify that the inhibition of transferrin uptake was not due to the 

cytotoxicity of the compounds, we did a cell proliferation assay. In addition, in Arabidopsis 

thaliana Pitstop2 did not block FM4-64 uptake when applied for 30 min at 30 µM 

concentration and it also failed to inhibit clathin-mediated endocytosis. These results might 

be due to the amino acid differences between human and Arabidopsis CHC since the binding 

pocket of Pitstop2 in hCHC1 is well characterized. 

In conclusion, ES9 and ES9-17 are another addition to the chemical toolbox for CME inhibitors 

across different systems. The property to selectively inhibit the CHC1 or CHC2 action will help 

to further characterize endomembrane trafficking mechanisms in plants and other model 

systems. 
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