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ABSTRACT 

 

Many studies in different eukaryotes have shown the importance of the vesicle-tethering 

exocyst complex for cellular processes dependent on intensive polarized secretion. The 

plant exocyst complex is crucial for regulation of cell polarity, morphogenesis, and defence. 

In land plants, gene encoding the EXO70 exocyst subunit multiplied into many paralogs, 

but only a few of them have been functionally described. In this thesis, the EXO70A2 

isoform, a member of the EXO70.1 subfamily, was found to be the main EXO70 exocyst 

subunit involved in the canonical function of the exocyst complex in Arabidopsis pollen. 

EXO70A2 is important for several stages of pollen development—pollen grain maturation, 

germination, and pollen tube growth. Pollen-expressed EXO70A2 was the only EXO70 

isoform able to substitute for the function of EXO70A1 in the sporophyte, but not vice-

versa. This indicates partial functional redundancy of these two closely related isoforms 

and a high specificity for pollen-related processes. The finding that the exocyst is targeted 

to the plasma membrane via EXO70A1 subunit is further elaborated in the thesis. EXO70A1 

binds plasma membrane via interactions with specific phospholipids that form a unique 

plasma membrane-lipid signature in plants. Other isoform, EXO70B1 from the EXO70.2 

subfamily, is engaged in autophagy-related transport to the vacuole. The function of 

EXO70B1 could not be functionally substituted by its closest paralog EXO70B2 or any other 

EXO70 isoform tested, indicating a high degree of EXO70B1 specialization. Taken together, 

novel findings presented in this thesis significantly expand the current understanding of 

the plant exocyst complex function and uncover the functional specialization of multiplied 

EXO70 paralogs acquired during the evolution of land plants.  
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SOUHRN 

 

Studium komplexu exocyst poutajícího sekreční váčky u eukaryot ukazuje jeho zásadní 

význam pro buněčné procesy závislé na intenzivní a polarizované buněčné sekreci. U rostlin 

exocyst reguluje buněčnou polaritu, podmiňuje morfogenetické procesy a přispívá  

i k obranným reakcím. Gen kódující podjednotku exocystu EXO70 v rostlinách proliferoval 

do celé genové rodiny, přičemž pouze u některých isoforem EXO70 byly zatím popsány 

jejich funkce. Tato dizertační práce odhalila, že isoforma EXO70A2 z podrodiny EXO70.1 je 

hlavní isoformou EXO70 sloužící jako podjednotka komplexu exocyst při exocytóze v pylu. 

EXO70A2 je zásadní pro několik fází vývoje pylu u huseníčku – zrání pylových zrn, jejich 

klíčení a růst pylové láčky. Zatímco pylově specifická isoforma EXO70A2 má schopnost 

nahradit isoformu EXO70A1 fungující ve sporofytu, funkční substituce k opačném směru 

možná není, což dokazuje omezenou redundanci těchto dvou blízce příbuzných isoforem  

a vysokou specificitu funkcí EXO70 v pylu. V práci je dále popsáno zjištění, že exocyst je 

rekrutován k plazmatické membráně prostřednictvím EXO70A1. Tato podjednotka 

interaguje prostřednictvím konzervovaných lyzinových zbytků se specifickými fosfolipidy, 

které tvoří unikátní znak rostlinné membrány. Další isoforma, EXO70B1 z podrodiny 

EXO70.2, se účastní regulace transportu do vakuoly v procesu autofagie a není zastupitelná 

ani svým nejbližším paralogem EXO70B2, ani jinou isoformou EXO70, což naznačuje vysoký 

stupeň specializace EXO70B1. Nové poznatky prezentované v této práci podstatně rozšiřují 

současné poznání funkce komplexu exocyst u rostlin a odkrývají funkční specializaci 

isoforem EXO70 získaných během evoluce suchozemských rostlin. 
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1. INTRODUCTION 

 

1.1. Cell polarity and polar growth 

 

Eukaryotic cells form numerous shapes to accomplish their specialized functions. Cell 

morphology is achieved by polar cell growth and requires previous establishment of cell 

polarity. Within a cell, the polarity is determined by asymmetrical distribution of signalling 

molecules, enzymes, organelles, and cytoskeleton. As a result, functionally distinct plasma 

membrane domains are established and this organisation plays a critical role in almost 

every aspect of cellular function such as cell expansion, division, differentiation, and 

morphogenesis (Yang et al., 2008; Campanale et al., 2017). In contrast to animal cells, the 

final cell morphology is largely irreversible in plant and fungal cells due to their 

encasement in cell walls. 

Every cell in a multicellular organism is polarized per se, usually along more than 

one axis depending on its position and fate. Some cells exhibit extremely polarized cell 

growth, the tip growth, achieved by highly localized delivery of cellular materials to the 

growth site of a cell. Tip growth is required for the generation of highly elongated tubular 

cells such as fungal hyphae, animal neurons, plant root hairs and pollen tubes (Riquelme et 

al., 2018; Tahirovic and Bradke, 2009; Qin and Dong, 2015) and represents an excellent 

model to study cell polarity due to its extreme manifestation. By contrast, diffuse growth 

represents a more universal form of cell expansion that is dispersed along the surface of  

a whole eukaryotic cell and it is differentially regulated (Cosgrove, 2018).  

 

1.2. Essential components involved in polarized exocytosis 

 

The polar cell growth is mostly dependent on the polarized exocytosis that resides in  

a delivery of post-Golgi (secretory/exocytotic) vesicles to specific sites at the plasma 

membrane (PM). Exocytosis is the last stage of the conventional “biosynthetic” secretory 

pathway, which starts at the endoplasmic reticulum (ER), passes through the Golgi 

apparatus (GA) and trans-Golgi network (TGN) where the vacuolar cargo is sorted into 

clathrin coated vesicles while the rest of the cargo is sequestered into the 

secretory/exocytotic vesicles and it is secreted to the PM and apoplast via so-called 

“default secretion” (Bassham et al., 2008). Trafficking pathway to the vacuole from TGN is 

mediated through the prevacuolar compartment/multivesicular body (MVB) which fuses 

with the tonoplast by the assistance of HOPS tethering complex and specific SNARE 

https://paperpile.com/c/amnWwj/RBo6+hLyj+y1Yc
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proteins (Goring and Di Sansebastiano, 2018). Apart from the above described 

conventional secretory pathway, many eukaryotic cells employ unconventional trafficking 

pathways that are often Golgi independent. For example, in plant cells, a direct pathway 

from the ER to vacuole is used for delivery of storage proteins into protein storage 

vacuoles in developing seeds, or for the anthocyanin deposition into the vacuole that often 

involves the autophagy-related pathway (Levanony et al., 1992; Coleman et al., 1996; 

Kulich et al., 2013; Poustka et al., 2007). Also, a recent preprint shows that secretion of 

suberin monomers to the PM is mediated by extracellular vesicular-tubular structures in 

plant cell walls which possibly form directly from ER subdomains (De Bellis et al., 2021).  

Polarized exocytosis is a tightly regulated process which requires cooperation of 

multiple components, such as small GTPases, vesicle coat complexes, tethering complexes 

and SNARE proteins and it is partly evolutionary conserved (Vaškovičová et al. 2013). In 

plants, polar growth is constrained by the presence of a cell wall. Plant cell growth is 

established when the turgor pressure exceeds the resistance of the cell wall, causing the 

cell wall to expand. Therefore, plants have evolved unique mechanisms engaged in the 

regulation of cell polarity. Given the topic of my Ph.D. thesis, I will further focus on and 

elaborate the regulation of polar cell growth in plants by the exocyst tethering complex, 

SNARE proteins and small GTPases. 

 

1.2.1. The exocyst complex  

Tethering factors function as regulators and effectors of small GTPases and mediate the 

first specific contact between the arriving membrane vesicle and the target membrane. 

Two classes of tethering factors have been characterized in eukaryotes: elongated coiled-

coil tethers and multisubunit tethering complexes (Brӧcker et al., 2010; Vukašinović and 

Žárský, 2016). Due to the limited scope of this thesis, I will focus only on the multisubunit 

tethering complexes. Multisubunit tethering complexes originated in the last eukaryote 

common ancestor (LECA) and evolved independently with secondary losses of some 

complexes among many linages (Koumandou et al., 2007; Vukašinović and Žárský, 2016). 

One group of tethering complexes called CATCHR (complexes associated with tethering 

containing helical rods) comprises multisubunit complexes required for fusion in the 

secretory pathway, and includes GARP (Golgi-assosiated retrograde protein complexes), 

EARP (endosome-assosiated retrograde protein complexes), COG (conserved oligomeric 

Golgi) and exocyst complex. Another group of tethering complexes required for fusion in 

the endolysosomal/vacuolar pathways contains two different tethering complexes, 
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CORVET (class C core vacuole/endosome tethering) and HOPS (homotypic fusion and 

protein sorting), with similar overall structures to the CATCHR group. An additional group 

of tethering complexes called TRAPP I–III (transport protein particle I–III) is involved in 

secretory and autophagy pathways (Brӧcker et al., 2010). Since the main focus of my thesis 

is exocyst tetehring complex, this chapter will further underline the function of this 

complex in eucaryots. 

The exocyst is an evolutionary conserved tethering protein complex which 

mediates the initial interaction between transport vesicles and their target membranes in 

eukaryotic cells at the end of exocytosis (Guo et al., 1999). The exocyst complex was first 

described in yeast and mammals and consists of eight subunits – Sec3, Sec5, Sec6, Sec8, 

Sec10, Sec15, Exo70, and Exo84 (TerBush et al., 1996; Guo et al., 1999). The Sec3 and 

Exo70 subunits are supposed to be responsible for targeting the exocyst to the PM based 

on studies in yeast and animal cells, whereas other six subunits form the core of the 

complex (Boyd et al., 2004; He et al., 2007; Pleskot et al., 2015). In yeast, the Sec15p 

subunit binds secretory vesicles via interaction with Rab GTPase Sec4p while Sec3p and 

Exo70p interact with the PM through interaction with phosphatidylinositol 4,5-

bisphosphate (PIP2) and Rho GTPases and serve as landmarks for the exocyst targeting 

(Guo et al., 1999; Robinson et al., 1999; Zhang et al., 2001). In animal cells, the mechanism 

of the exocyst membrane targeting involves direct interactions of Exo70 with PIP2 and 

specific PM proteins as well (Liu et al., 2007). However, structure and dinamycs of the 

exocyst complex asembly are still not fully understood. In yeast and animal cells, the 

exocyst complex is composed of two four-subunit modules: (Sec8, Sec6, Sec5, and Sec3), 

and (Sec15, Sec10, Exo84, and Exo70) (Heider et al., 2016; Ahmed et al., 2018). It is 

possible that the exocyst subunits assemble dynamically into a holocomplex or have also 

some complex-independent functions. For example, in animal cells these two exocyst 

modules (subcomplexes) are highly dynamic and assemble at the PM independently of 

each other (Ahmed et al., 2018). However, in yeast, it seems that exocyst exists 

predominantly as a stable octameric complex and its activation is regulated via interaction 

with Rho GTPases which function primarily to activate the exocyst at polarized sites 

through the allosteric mechanism involving conformational change of one of the subunits 

of the complex (Heider et al., 2016; Rossi et al., 2020). 

The importance of the exocyst is the most prominent during the rapid cell growth 

characterized by high demand for exocytosis. In budding yeast, the exocyst localizes at 

sites of extensive exocytosis such as the tip and neck of a growing bud (TerBush and 
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Novick, 1995), and at the furrow of dividing fission yeast (Fielding et al., 2005). In animal 

cells, it accumulates at the tip of growing neurites (Vega and Hsu, 2001). In epithelial cells, 

the exocyst is responsible for targeting proteins to the basolateral membrane and localizes 

to regions of tight junctions (Yeaman et al., 2004). However, many studies have implicated 

the exocyst involvement also in other cellular processes unrelated to exocytosis. For 

example, in animal cells, Exo70 directly interacts with the Arp2/3 complex, and stimulates 

actin branching which promotes cell migration and tumor invasion (Lu et al., 2012; Zuo et 

al., 2006).  

In plants, the exocyst complex function is the same as in yeast and animal cells, 

with differences given by the specific anatomy and function of plant cells (Hála et al., 2008; 

Fendrych et al., 2010). This is in accordance with exocyst and other tethering complexes 

being present in the last eukaryote common ancestor (Koumandou et al. 2007). The 

exocyst plays a role in exocytosis-related cellular processes that include: root hair and 

pollen tube elongation (Cole et al., 2005; Synek et al., 2006; Hála et al., 2008; Synek et al., 

2017), secondary cell wall deposition in trichomes and during xylem development (Kulich 

et al., 2015; Kubátová et al., 2019; Vukašinović et al., 2017), cytokinesis (Fendrych et al., 

2010; Rybak et al., 2014), localized deposition of seed coat pectins (Kulich et al., 2010), 

transport of PIN auxin carriers to the PM (Drdová et al., 2013), and response to pathogens 

(Pečenková et al., 2011; Sabol et al., 2017). The exocytosis-related function of the exocyst 

will be termed as canonical from hereafter. In contrast, the exocyst plays a role also in 

unconventional trafficking such as autophagy-related transport to the vacuole (Kulich et 

al., 2013), which will be designated here as a non-canonical exocyst function.  

 

1.2.2. SNARE proteins  

After docking and tethering of transport vesicles to the target membrane by the exocyst, 

the vesicles fuse with the target membrane by the action of SNARE proteins (Sollner et al., 

1993). SNAREs are transmembrane proteins which contain a transmembrane region and  

a coiled-coil motif (SNARE motif) that contributes to the protein–protein interactions at 

the core of the SNARE complex. The center of the hydrophobic SNARE complex has  

a unique layer containing polar rather than hydrophobic residues called the zero ionic 

layer. SNAREs are classified based on a core amino acid residue present in the zero ionic 

layer: those contributing glutamine (Q) are mostly localized on the target membrane, and 

therefore referred to as t-SNAREs or Q-SNAREs, whereas those contributing arginine (R) 

are mostly localized on the membrane of the secretory/transport vesicle and are 
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designated as v-SNAREs, R-SNAREs or VAMPs (Kato et al., 2010; Lipka et al., 2007). Helical 

domains of v-SNAREs and t-SNAREs wrap around each other to form a metastable trans-

SNARE complex, bringing the vesicle and the membrane in proximity. Mutual twisting of 

the SNARE helices promotes a formation of a cis-SNARE complex which pulls the 

membranes together and drives the ultimate membrane fusion (Sorensen, 2009). As 

documented in budding yeast, t-SNAREs Sso2p and Sec9p directly interact with Sec3p (Yue 

et al., 2017) and Sec6p (Sivaram et al., 2005) exocyst subunits, respectively, and due to 

these interactions the exocyst catalyses the SNARE complex-mediated membrane fusion. 

Also, a recent study showed that the interaction between the yeast exocyst complex and  

v-SNARE Snc2 is crutial for exocyst mediated tethering to occur in vitro (Rossi et al., 2020). 

  

1.2.3. Regulators of the exocyst complex  

The exocyst is regulated by small GTPases, which allows for the spatio-temporal control of 

the exocytosis. Several exocyst subunits have been documented to be effectors of several 

small GTPases from Rho, Ral and Rab families (Guo et al., 1999; Mukherjee et al., 2014). 

Small GTPases function as molecular switches that cycle between inactive cytosolic GDP-

bound state and the active membrane GTP-bound state. The GTP–GDP exchange is 

regulated by protein regulators commonly referred to as guanine nucleotide exchange 

factors (GEF) and GTPase activating proteins (GAP). The inactive state of small GTPases can 

be kept by guanine nucleotide dissociation inhibitors (GDIs) that prevent the GTP–GDP 

nucleotide exchange. Through this perpetuated cycle of activation and inactivation, small 

GTPases regulate the function of cytoskeleton, endomembrane system and calcium 

signalling which are critical processes for cell polarity establishment (Cherfils and Zeghouf, 

2013).  

The first reported interaction between the exocyst and small GTPases was that of 

Sec15 and the Rab GTPase Sec4 in yeast (TerBush et al., 1996; Guo et al., 1999). Another 

example is the interaction of the Rho GTPase Cdc42, a central regulator of polarity in 

budding yeast, with the Sec3 exocyst subunit which binds PM through interaction with PIP2 

membrane lipid. The Rho GTPase Cdc42 regulates polarized localization of Sec3 to the PM, 

and disruption of this interaction inhibits polarized secretion in yeast cells (Zhang et al., 

2008; Zhang et al., 2001). In adipocytes and muscle cells, the interaction of Rho GTPase 

TC10 with the Exo70 exocyst subunit promotes the exocyst complex assembly and the 

polarized localization of the glucose membrane transporter 4 (GLUT4) at the PM (Inoue et 

al., 2003). 
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Unlike in yeast and animals, plants possess only a single and unique family of Rho-

related GTPases known as ROPs (Rho-of-plants) (Li et al., 1998; Craddock et al., 2012). Like 

Rho GTPases in other eukaryotes, ROPs regulate dynamics and organization of the 

cytoskeleton, exocytosis and endocytosis, and activation of NADPH oxidases and 

intracellular kinase cascades in plant cells (Feiguelman et al., 2018). For example, in 

Arabidopsis, the ROP2 signalling network controls development of lobed epidermal 

pavement cells, and the ROP1 signalling network controls tip growth in pollen tubes (Fu et 

al., 2005; Gu et al., 2005). Interestingly, plants and some other eukaryotes have also 

evolved specific regulators such as PRONE-type GEFs (known as RopGEFs) and effectors 

such as RICs and ICRs/RIPs engaged in the regulation of the cytoskeleton and vesicular 

trafficking (Nagawa et al., 2010). In Arabidopsis, the exocyst subunit SEC3a binds ROPs via 

an adaptor protein ICR1 that acts as a scaffold and is regulated by the ROP/RAC GTPase 

switch, which is critical for cell morphology and maintenance of root stem cells (Lavy et al., 

2007). Another indirect interaction between exocyst and activated ROPs seems to be 

mediated by some RICs (Hong et al., 2016)  

 

1.3. Diversity and functions of EXO70 subunits in plants 

 

Although exocyst subunits are typically studied in the context of the whole complex, it has 

been found in yeast and mammalian cells that EXO70s can function also independently of 

the rest of the complex in processes unrelated to the regulation of exocytosis as already 

mentioned above. For example, alternative splicing of EXO70 is responsible for cancer 

progression (Lu et al., 2013). Interestingly, EXO70 can regulate pre-mRNA splicing in 

human cells (Dellago et al., 2011). In yeast, EXO70 causes clustering of PIP2 (Pleskot et al., 

2015) and oligomerization of EXO70 subunits alone induces negative membrane curvature 

resulting in PM protrusions (Zhao et al., 2013). As mentioned above, Exo70 also interacts 

with the Arp2/3 complex, and stimulates actin branching which in turn promotes cell 

migration and tumor invasion (Lu et al., 2013; Zuo et al., 2006). 

Unlike in yeast and animals where exocyst subunits are typically encoded by  

a single gene, in land plants they are usually duplicated or even multiplied (Eliáš et al., 

2003; Cvrčková et al., 2012). The EXO70 gene has undergone a dramatic evolutionary 

expansion, resulting in functional diversification and specialization. For example, the 

genome of Physcomitrella patens encodes 13 EXO70 paralogs, Oryza sativa 47 paralogs 

and Arabidopsis thaliana 23 paralogs (Cvrčková et al., 2012). It has been documented that 

most conserved EXO70 isoforms EXO70A1 and A2 participate in the canonical exocyst 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3888354/#CIT0010
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function in polarized exocytosis and diverged EXO70 isoforms may confer the exocyst 

complex some specific (non-canonical) functions in vesicle trafficking. This plant-specific 

evolutionary dynamics of EXO70 paralogs suggests not only functional specialization in 

different plant tissues or cell types, but also a presence of several EXO70 isoforms 

coexisting and functioning in the same cell and having diverse functions (Žárský et al., 

2009).  

Indeed, in tobacco pollen tubes, NtEXO70A1a and NtEXO70B1 localize to distinct 

domains of the pollen tube – NtEXO70A1a to a small area adjacent to the pollen tube tip, 

the site of extensive exocytosis, while NtEXO70B1 at the subapical domain of the pollen 

tube, the site of active endocytosis (Sekereš et al., 2017). In Arabidopsis trichomes, 

EXO70H4 localizes to the apical domain enriched in phosphatidic acid (PA) and 

phosphatidylserine (PS) whereas EXO70A1 localizes to the basal domain which is PIP2-rich 

(Kubátová et al., 2019). These observations clearly indicate that different EXO70 isoforms 

can regulate exocytosis in distinct PM domains (Žárský et al., 2009; Žárský and Potocký, 

2010).  

The EXO70 homologs in land plants originated from three ancient EXO70 paralogs 

and therefore they are divided into three ancestral subfamilies — EXO70.1, EXO70.2 and 

EXO70.3 (Synek et al., 2006; Cvrčková et al., 2012). Interestingly, members of ancestral 

EXO70.1 subfamily are typically multi-exon genes whereas other two subfamilies contain 

mostly genes with single exon (or single intron) (Synek et al., 2006). This observation 

indicates derived nature of EXO70.2 and EXO70.3 subfamilies; most probably formed by 

reverse transcription of EXO70s mRNAs and genomic integration during their evolution 

(Cvrčková el al., 2012; Zhao et al., 2018). 

Members of EXO70.1 are the least evolutionarily dynamic and they are closely 

related to single EXO70A encoded in Chlorophyta, fungal, and animal genomes (Cvrčková 

et al.,2012). Members of this subfamily, consisting exclusively of the EXO70A clade, are 

involved in canonical functions of the exocyst linked to cell division, cell growth (including 

polarized tip growth) and primary and secondary cell wall biogenesis.  

EXO70.2 is the most evolutionary dynamic and comprises six clades, namely, 

EXO70B, EXO70C, EXO70D, EXO70E, EXO70F, and EXO70H, which seem to be mostly 

involved in non-canonical exocyst functions related to defence and responses to biotic 

stress, cytokinin signalling and secondary cell wall biogenesis (Kulich et al., 2015; Žárský et 

al., 2019; Acheampong et al., 2020). Such a diversity of processes correlates with high 

evolutionary proliferation of this subfamily, where some isoforms further underwent 
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tremendous amplification in monocots (e.g. EXO70F in grasses) and dicots (e.g. EXO70H) 

(Cvrčková et al., 2012).  

EXO70.3, comprises EXO70G and EXO70I clades, with EXO70I being secondarily 

lost in Brassicaceae. EXO70I is involved in the formation of the periarbuscular membrane 

subdomain during arbuscular mycorrhizal symbiosis in Medicago truncatula (Zhang et al., 

2015), whereas EXO70G functions are yet to be discovered.  

Most knowledge of the diversity in plant EXO70s has originated from the studies 

on Arabidopsis thaliana. Functions of the three EXO70 clades, A, B, and C are summarized 

below. 

 

1.3.1. EXO70A clade in the canonical exocyst function 

In Arabidopsis, the EXO70.1 subfamily consists of three members – EXO70A1, EXO70A2 

and EXO70A3. EXO70A1 has been the best characterized EXO70 isoform so far. EXO70A1 is 

evolutionarily closely related to the EXO70 in opisthokonts, expressed in sporophytic 

tissues, incorporated in the exocyst complex, and participates in regulation of the 

conventional trafficking pathway (exocytosis) (Synek et al., 2006; Hala et al., 2008; 

Cvrčková et al., 2012; Žárský et al., 2019).  

Arabidopsis mutants lacking EXO70A1 exhibit pleiotropic secretory defects similar 

to defects of weak mutants in core exocyst subunits, such as slow root hair and hypocotyl 

elongation (Wen et al., 2005, Hála et al., 2008, Synek et al., 2006), defects in seed coat 

deposition (Kulich et al., 2010), impaired auxin transport due to slow PIN transporter 

recycling (Drdová et al., 2013; Tan et al., 2016), and decreased root cell elongation (Cole et 

al., 2014). However, depending on the cell type, EXO70A1 might provide the exocyst with 

specific functions and participate in the biogenesis of cell type-specific cell wall domains. 

For example, in differentiating endodermis, EXO70A1 is required for the local cell wall 

deposition in prospective Casparian strips (Kalmbach et al., 2017). In developing xylem, 

disruption of EXO70A1 results in thinner and collapsed xylem secondary cell wall (Li et al., 

2013; Vukašinović et al., 2017).  

At the subcellular level, EXO70A1 localizes to the PM, cell plate primer and 

maturating post-cytokinetic cell wall identically to core exocyst subunits (Drdová et al., 

2013; Fendrych et al., 2010; Fendrych et al., 2013; Rybak et al., 2014; Kalmbach et al., 

2017; Vukašinović et al., 2017). The mechanism of the exocyst PM targeting in 

opisthokonts involves interaction of EXO70 with PIP2 (similarly to Sec3 – see above) and 

specific PM protein interactors, including small GTPases and SNAREs (He et al., 2007; Liu et 
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al., 2007; Zhao et al., 2013; Heider and Munson, 2012). However, other anionic 

phospholipids such as phosphatidic acid (PA), phosphatidylserine (PS) and 

phosphatidylinositol 4-phosphate (PI4P), might be as important as PIP2 in defining PM lipid 

domains crucial for exocyst membrane targeting (Platre and Jaillais, 2017; Pleskot et al., 

2014; Michaeli et al., 2016; Platre et al., 2018). Targeting mechanism of the exocyst was 

addressed as a part of this thesis (Paper No. 2). 

Arabidopsis EXO70A2 paralog is highly expressed in the male gametophyte, and 

therefore has been hypothesized to play a role in exocytosis in pollen analogous to 

EXO70A1 in the sporophyte (Synek et al.,2017). This topic was resolved as a part of this 

thesis (Paper No. 1). 

The EXO70A3 gene was considered non-functional, because it is truncated at the 

N-terminus in comparison to EXO70A1 and EXO70A2, and no evidence of its transcription 

was available (Yamada et al., 2003; Zimmermann et al., 2004). However, a recent report 

based on GWAS (genome-wide association study) revealed that EXO70A3 plays a role in 

modulation of auxin-controlled root architecture development in Arabidopsis (Ogura et al., 

2019). Disruption of EXO70A3 led to alteration of root gravitropic responses, resulting in a 

different root architecture depth profile and drought resistance (Ogura et al., 2019).  

 

1.3.2. EXO70C clade in regulation of pollen development 

Polarized exocytosis is essential for pollen tube growth, but exocytosis is crucial also for 

previous stages of pollen development, such as pollen grain maturation and germination 

(Kang et al., 2003; Peng et al., 2011). Aberrant growth of pollen tubes in sec5a/b, sec6, 

sec8 and sec15a mutants (Cole et al., 2005; Hála et al., 2008) and inability of sec3a pollen 

grains to produce pollen tubes (Bloch et al., 2016) have implicated the importance of the 

exocyst for pollen development.  

Transcriptomic and proteomic data indicated that EXO70A2, C1, C2, F1, H3, H5, 

and H6 isoforms are expressed in Arabidopsis pollen, whereby EXO70C2, C1, and A2 were 

the most abundant at the proteomic level (Grobei et al., 2009, Synek et al., 2017). Pollen 

tubes of exo70c2 mutants exhibited aberrant morphology, elongation in a distinct stop-

and-go mode, and frequent bursting at the tip due to their very fast growth in growing 

phases, resulting in a seriously reduced fertilization capacity. Mutants in EXO70C1, the 

closest paralog of EXO70C2, produced pollen with normal pollen tube growth. However, 

pollen-specific depletion of EXO70C1, in the exo70c2 mutant background resulted in a 

complete pollen-specific transmission defect, suggesting redundant functions of EXO70C1 
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and EXO70C2. EXO70C1 and EXO70C2 do not show the typical exocyst localization at the 

PM, and no interactions with core exocyst subunits were recorded (Synek et al., 2017). 

Therefore, it was suggested that EXO70C2 and EXO70C1 acquired an independent function 

outside of the exocyst complex as negative regulators of polar growth in pollen tubes 

(Synek et al., 2017). It was recently shown by our lab that the inhibitory function of 

EXO70C2 during pollen tube growth is regulated by phosphorylation (Saccomanno et al., 

2021). Based on this conclusion, EXO70A2 remained the best candidate for the main 

EXO70 subunit of the exocyst complex providing its canonical function in pollen (see Paper 

No. 1).  

 

1.3.3. Arabidopsis EXO70B clade in non-canonical exocyst function 

Phylogenetic analyses revealed that the EXO70.2 subfamily is linked to most of EXO70 

diversification in land plants. EXO70.2 members are often involved in defence mechanisms 

and response to biotic stress (Cvrčková et al., 2012; Žárský et al., 2019). The best 

characterized are two members of the EXO70B clade in Arabidopsis, EXO70B1 and 

EXO70B2. In other Angiosperms, which encode more than one EXO70B paralog (often only 

one), these duplications took place independently (Cvrčková et al., 2012). EXO70B1 plays a 

role in autophagy, stomatal regulation, and defence, whereas EXO70B2 seems to be 

specialized for defence and stomatal regulation (Kulich et al., 2013; Zhao et al., 2015; Sabol 

et al., 2017; Hong et al., 2016; Pečenková et al., 2011; Seo et al., 2016; Drs M., unpublished 

data).  

Our lab documented that an exocyst subcomplex containing EXO70B1 along with 

EXO84b and SEC5a subunits has a role in autophagy-related Golgi-independent transport 

to the vacuole (Kulich et al., 2013). Mutants lacking EXO70B1 accumulate decreased 

amounts of autophagic bodies in the vacuole, are hypersensitive to nitrogen starvation 

and show compromised accumulation of anthocyanins (Kulich et al., 2013). EXO70B1 

colocalizes with anthocyanins and autophagy marker AUTOPHAGY-RELATED protein ATG8f 

(AUTOPHAGY-RELATED protein 8f) inside the vacuole. Therefore, an exocyst subcomplex, 

harbouring EXO70B1, is likely responsible for autophagy-related anthocyanin transport to 

the vacuole.  

In addition, exo70b1 mutant plants develop spontaneous leaf hypersensitive-

response lesions due to salicylic acid accumulation resembling the phenotype of 

autophagy mutants (Kulich et al., 2013). Due to the elevated salicylic acid level, exo70b1 

mutants are more resistant towards biotrophic pathogens, but have overall reduced 
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fitness and show early senescence phenotype (Kulich et al., 2013). This enhanced 

resistance of exo70b1 is dependent on a plant disease resistance protein TN2 (R protein). 

Indeed, EXO70B1 interacted with TN2 in the yeast two-hybrid system and in planta. One 

proposed model assumes that TN2 could monitor the integrity of EXO70B1, which can be 

targeted by pathogens to manipulate plant secretory pathways (Zhao et al., 2015). 

Another model states that, in normal conditions, TN2 is targeted for degradation via 

EXO70B1-dependent autophagy pathway to prevent the elevated salicylic acid level 

(Pečenková et al., 2016). These two models are not mutually exclusive, and it is possible 

that both are valid.  

The role of EXO70B1 in plant immunity is not restricted only to salicylic-acid-

mediated immune responses. Unlike several other EXO70 isoforms tested, EXO70B1 

interacts with RIN4 (RPM1 INTERACTING PROTEIN 4), a plant defence regulator interacting 

with many R proteins (Sabol et al., 2017). For this interaction full-length RIN4 is required 

and upon RIN4 cleavage by Pseudomonas syringae effector protease, both EXO70B1 and 

RIN4 are released from the PM to the cytoplasm; (Sabol et al., 2017).  

Furthermore, EXO70B1 also regulates stomatal opening and closing. Disruption of 

EXO70B1 showed decreased light-induced stomatal opening in comparison to WT plants. It 

was shown that EXO70B1 interacts with the RIC7, a negative regulator of light-induced 

stomatal opening, and in that way EXO70B1 promotes light-induced stomatal opening. 

This is also a possible link between plant exocyst and ROP GTPases since RIC7 is a ROP 

interactor (Hong et al., 2016).  

In contrast to EXO70B1, the expression of EXO70B2 mRNA is highly induced by 

various pathogens and elicitors (Pečenková et al., 2011). After infection with Blumeria 

graminis, the exo70b2 mutant showed deviations in defensive papilla formation and was 

more susceptible to Pseudomonas syringae and oomycete Hyaloperonospora arabidopsidis 

infection (Pečenková et al., 2011; Stegmann et al., 2012). It is very likely that EXO70B1 and 

EXO70B2 do not display functional redundancy since exo70b1/exo70b2 double mutants 

showed only the exo70b1 phenotype of early senescence without synergism (Stegman et 

al.,2013). However, a recent study shows that in young seedlings both paralogs 

contributed to trafficking of the receptor kinase FLAGELLIN SENSING 2 (FLS2) to the PM 

(Wang et al., 2020). Therefore, the functional redundancy of EXO70B1 and EXO70B2 

remains to be further experimentally tested. This question is also addressed in this thesis 

(Paper No. 3). 
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2. AIMS OF THE THESIS 

 

 

This thesis aims to address the following biological problems of the plant exocyst function: 

 

1. Identification of the main EXO70 subunit involved in the canonical function of the 

exocyst complex in Arabidopsis pollen (Paper No. 1) 

2. Elucidation of molecular mechanisms of EXO70A1 binding to the plasma membrane 

lipids (Paper No. 2) 

3. Analysis of the possible functional redundancy of EXO70A1 and EXO70B1 respectively, 

with other selected EXO70 paralogs (Paper No. 3) 

4. Some aspects of the EXO70B1 isoform contribution to the autophagy pathway 

(Paper No. 4) 
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3. RESULTS 

 

3.1. PAPER No. 1  

 

Vedrana Marković, Fatima Cvrčková, Martin Potocký, Ivan Kulich, Přemysl Pejchar, Eva 

Kollárová, Lukáš Synek, and Viktor Žárský 

 

EXO70A2 is critical for exocyst complex function in pollen development  

 

Plant Physiology (2020), 184: 1823-1839 

 

 

Summary 

 

Pollen development, pollen grain germination, and pollen tube elongation are crucial 

biological processes in angiosperm plants that need precise regulation to deliver sperm 

cells to ovules for fertilization. Highly polarized secretion at a growing pollen tube tip 

requires the exocyst tethering complex responsible for specific targeting of secretory 

vesicles to the plasma membrane. Here, we demonstrate that Arabidopsis (Arabidopsis 

thaliana) EXO70A2 (At5g52340) is the main exocyst EXO70 isoform in the male 

gametophyte, governing the conventional secretory function of the exocyst, analogous to 

EXO70A1 (At5g03540) in the sporophyte. Our analysis of a CRISPR-generated exo70a2 

mutant revealed that EXO70A2 is essential for efficient pollen maturation, pollen grain 

germination, and pollen tube growth. GFP:EXO70A2 was localized to the nucleus and 

cytoplasm in developing pollen grains and later to the apical domain in growing pollen 

tube tips characterized by intensive exocytosis. Moreover, EXO70A2 could substitute for 

EXO70A1 function in the sporophyte, but not vice versa, indicating partial functional 

redundancy of these two closely related isoforms and higher specificity of EXO70A2 for 

pollen development-related processes. Phylogenetic analysis revealed that the ancient 

duplication of EXO70A, one of which is always highly expressed in pollen, occurred 

independently in monocots and dicots. In summary, EXO70A2 is a crucial component of 

the exocyst complex in Arabidopsis pollen that is required for efficient plant sexual 

reproduction. 
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I performed and designed most of the experiments and I wrote the manuscript. 
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3.2. PAPER No. 2  

 

Lukáš Synek, Roman Pleskot, Juraj Sekereš, Natalia Serrano, Nemanja Vukašinović, Jitka 

Ortmannová, Martina Klejchová, Přemysl Pejchar, Klára Batystová, Malgorzata Gutkowska, 

Edita Janková-Drdová, Vedrana Marković, Tamara Pečenková, Jiří Šantrůček, Viktor Žárský, 

and Martin Potocký 

 

Plasma-membrane phospholipid signature recruits the plant exocyst complex via the 

EXO70A1 subunit  

 

Proceedings of the National Academy of Sciences of the United States of America (2021), 

submitted 

 

 

Summary 

 

Polarized exocytosis is essential for many vital processes in eukaryotic cells, where 

secretory vesicles are targeted to distinct plasma membrane domains characterized by 

their specific lipid-protein composition. Hetero-octameric protein complex exocyst 

facilitates the vesicle tethering to a target membrane and is a principal cell polarity 

regulator in eukaryotes. The architecture and molecular details of plant exocyst and its 

membrane recruitment have remained elusive. Here, we show that the plant exocyst 

consists of two modules formed by SEC3–SEC5–SEC6–SEC8 and SEC10–SEC15–EXO70–

EXO84 subunits, respectively, documenting the evolutionarily conserved architecture 

within eukaryotes. In contrast to yeast and mammals, the two modules are linked by a 

plant-specific SEC3–EXO70 interaction, and plant EXO70 functionally dominates over SEC3 

in the exocyst recruitment to the plasma membrane. Using an interdisciplinary approach, 

we found that the C-terminal part of EXO70A1, the canonical EXO70 isoform in 

Arabidopsis, is critical for this process. In contrast to yeast and animal cells, the EXO70A1 

interaction with the plasma membrane is mediated by multiple anionic phospholipids 

uniquely contributing to the plant plasma membrane identity. We identified several 

evolutionary conserved EXO70 lysine residues and experimentally proved their importance 

for the EXO70A1-phospholipid interactions. Collectively, our work has uncovered novel 

plant-specific features of the exocyst complex and emphasized the importance of the 

specific protein-lipid code for the recruitment of peripheral membrane proteins. 

 

 

My contribution 

 

I prepared the SEC3p:SEC3:GFP in exo70a1 mutant line and performed microscopic 

analysis. 
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Abstract 

 

Polarized exocytosis is essential for many vital processes in eukaryotic cells, where 

secretory vesicles are targeted to distinct plasma membrane domains characterized by 

their specific lipid-protein composition. Hetero-octameric protein complex exocyst 

facilitates the vesicle tethering to a target membrane and is a principal cell polarity 

regulator in eukaryotes. The architecture and molecular details of plant exocyst and its 

membrane recruitment have remained elusive. Here, we show that the plant exocyst 

consists of two modules formed by SEC3–SEC5–SEC6–SEC8 and SEC10–SEC15–EXO70–

EXO84 subunits, respectively, documenting the evolutionarily conserved architecture 

within eukaryotes. In contrast to yeast and mammals, the two modules are linked by a 

plant-specific SEC3–EXO70 interaction, and plant EXO70 functionally dominates over SEC3 

in the exocyst recruitment to the plasma membrane. Using an interdisciplinary approach, 

we found that the C-terminal part of EXO70A1, the canonical EXO70 isoform in 
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Arabidopsis, is critical for this process. In contrast to yeast and animal cells, the EXO70A1 

interaction with the plasma membrane is mediated by multiple anionic phospholipids 

uniquely contributing to the plant plasma membrane identity. We identified several 

evolutionary conserved EXO70 lysine residues and experimentally proved their importance 

for the EXO70A1-phospholipid interactions. Collectively, our work has uncovered novel 

plant-specific features of the exocyst complex and emphasized the importance of the 

specific protein-lipid code for the recruitment of peripheral membrane proteins.  

 

 

Introduction 

 

The plasma membrane (PM) of eukaryotic cells is spatially segregated into distinct 

domains with diverse functions, composition, and scales, a feature essential for many vital 

processes, including cell polarity regulation, signaling, and interactions with 

microorganisms (Konrad and Ott, 2015; Sekereš et al., 2015). Localized exocytosis is a 

fundamental process contributing to the establishment and maintenance of cellular 

polarity. An arsenal of small GTPases orchestrates the exocytosis through multiple 

effectors. Octameric protein complex exocyst is the small GTPase effector that facilitates 

the fusion of secretory vesicles with the PM (Heider and Munson, 2012; Žárský et al., 

2013). The exocyst consists of eight subunits, Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, 

and Exo84, that are evolutionarily conserved across eukaryotes (Koumandou et al., 2007).  

The plant exocyst complex is crucial for targeted secretion in cellular processes 

including tip growth of root hairs and pollen tubes (Bloch et al., 2016; Pečenková et al., 

2017; Sekereš et al., 2017; Marković et al., 2020), hypocotyl elongation (Hála et al., 2008), 

cell wall maturation in xylem, endodermis, and trichomes (Kalmbach et al., 2017; 

Vukašinović et al., 2017; Kulich et al., 2018), pectin secretion in seed coats (Kulich et al., 

2010), recycling of PIN auxin transporters (Drdová et al., 2013), and plant-microbe 

interactions (Pečenková et al., 2011; Zhang et al., 2015). The exocyst is also important for 

cell plate initiation and maturation during plant cytokinesis (Fendrych et al., 2010; Rybak 

et al., 2014; Mayers et al., 2017). At the outer lateral PM of plant epidermal cells, the 

exocyst controls the secretion of polarly-localized cargo proteins (Mao et al., 2016). 

Notably, exocyst accumulates at the outer lateral PM in dynamic foci that are distinct from 

sites of endocytosis (Fendrych et al., 2013).  

While the Exo70 subunit is encoded by a single gene in yeast and animals, many 

EXO70 isoforms exist in Angiosperm plants. Such multiplication enables the existence of 

diverse, functionally specific exocyst complexes even within one cell (Cvrčková et al., 2012; 

Žárský et al., 2009). Particular EXO70 isoforms are involved in highly localized domain-

specific secretion at the PM as documented in pollen tubes and trichomes (Sekereš et al., 

2017; Kulich et al., 2018; Kubátová et al., 2019). Some EXO70 isoforms even acquired 

diverged functions in autophagy regulation (Kulich et al., 2013) or as negative regulators of 

tip growth (Synek et al., 2017; Saccomanno et al., 2021).  

In Arabidopsis, housekeeping secretory processes in most sporophytic tissues involve 

the EXO70 isoform EXO70A1 (Synek et al., 2006; Li et al., 2010). On the other hand, these 

processes employ the closely related EXO70A2 isoform in the male gametophyte 

(Marković et al., 2020). Mutant plants lacking EXO70A1, unlike other studied EXO70 
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mutants, are severely morphologically affected and show secretory defects similarly to 

several mutants in other exocyst subunits (Cole et al., 2005; Synek et al., 2006; Kulich et 

al., 2010; Drdová et al., 2013; Janková Drdová et al., 2019). Moreover, among the multiple 

plant EXO70 isoforms, EXO70A1 is sequentially and structurally the most similar to the 

yeast and animal Exo70 (Synek et al., 2006; Žárský et al., 2009; Zhang et al., 2016). Hence, 

we focused on the EXO70A1 function in the plant exocyst architecture and PM recruitment 

in this study. 

Molecular mechanisms of the exocyst function reside in mediating the first contact of 

secretory vesicles with the PM and facilitating the subsequent fusogenic SNARE complex 

formation, leading to a vesicle–PM fusion (Morgera et al., 2012; Yue et al., 2017). An 

emerging model of the exocyst complex based on partially solved structures of several 

exocyst subunits, protein interaction mapping, fluorescent microscopy, and cryo-electron 

microscopy indicates that interlaced rod-like exocyst subunits align longitudinally at the 

core of the complex with distant parts being flexible and available for concomitant 

molecular interactions bridging vesicles and the PM (Lepore et al., 2018). In yeast, the 

Sec15p subunit binds secretory vesicles via interaction with Rab GTPase Sec4p (Guo et al., 

1999), while Sec3p and Exo70p subunits interact with the PM and serve as landmarks for 

the exocyst recruitment (Finger et al., 1998; He et al., 2007; Zhang et al., 2008). Both Sec3p 

and Exo70p bind the PM-specific phosphatidylinositol 4,5-bisphosphate (PIP2) (He et al., 

2007; Zhang et al., 2008; Pleskot et al., 2015) and protein interactors such as Rho GTPases 

(Robinson et al., 1999; Zhang et al., 2001). In animal cells, the exocyst membrane 

recruitment depends on the direct interaction of Exo70 with PIP2 (Liu et al., 2007). In yeast 

and animals, PIP2-dependent recruitment represents a general mechanism governing the 

localization of peripheral membrane proteins to the PM (Kolay et al., 2016). In contrast, 

other anionic phospholipids, namely phosphatidic acid (PA), phosphatidylserine (PS), and 

phosphatidylinositol 4-phosphate (PI4P), seem to be more important than PIP2 in 

constituting the PM phospholipid signature in plants (Platre et al., 2018; Pleskot et al., 

2014; Simon et al., 2016).  

In this study, we analyzed the overall Arabidopsis exocyst architecture and described 

the subunit connectivity map. Although the general architecture of the exocyst is 

evolutionary conserved, the PM recruitment mechanism represents a unique feature of 

the plant complex. By combining genetics, live-cell imaging, biochemistry, protein 

structure modeling, and molecular dynamics simulations, we demonstrated that the 

EXO70A1 subunit plays an essential role in the PM lipid-signature recognition and 

dominates in the plant exocyst recruitment to the PM. 
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Results 

 

Comparative proteomic analysis of the exocyst complex architecture in planta reveals 

the presence of two conserved modules  

To get insight into the architecture of the Arabidopsis exocyst complex, we performed a 

series of co-immunoprecipitations using GFP-tagged exocyst subunits as baits, followed by 

mass-spectrometry identification and label-free quantitative analysis of the isolated 

interacting proteins. Each bait co-immunoprecipitated with at least two other exocyst 

subunits (Fig. 1a). The analysis of Normalized Spectral Abundance Factor (NSAF) suggests a 

tight association of exocyst subunits within two distinct modules; one composed of SEC3a, 

SEC5a, SEC6, SEC8 (3–5–6–8 module), and another of SEC10, SEC15b, EXO70A1, EXO84b 

(10–15–70–84 module). While the presence of an exocyst subunit in a mass-spectrometry 

output does not imply a direct pairwise interaction with the particular bait, the high NSAF 

scores for subunit pairs suggest the proximity of those subunits within the complex. 

Interestingly, SEC3a and EXO70A1 were able to pull down subunits from both exocyst 

modules, suggesting their putative function as a bridge connecting the two modules. 

Furthermore, our bioinformatic analysis uncovered that the CorEx motifs known to be 

responsible for the major binary interactions within the yeast exocyst (Mei et al., 2018) are 

present in all tested eukaryotic lineages (Fig. S1).  

In summary, our current data based on the co-immunoprecipitation experiments, 

together with previously published yeast two-hybrid (Y2H) interactions (Hála et al., 2008; 

Fendrych et al., 2010) show that the modular composition of the exocyst complex together 

with most of the binary subunit interactions are conserved between opisthokonts and 

plants (Heider et al., 2016; Ahmed et al., 2018; Mei et al., 2018) (Fig. 1b). Given the 

evolutionary distance between these kingdoms, this finding suggests that the two-module 

organization is a fundamental feature of the exocyst architecture and function. 
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Figure 1. The plant exocyst complex consists of two loosely-connected modules.  

a) Co-immunoprecipitation of the Arabidopsis exocyst complex. Each GFP-tagged exocyst 

subunit was used as a bait to isolate interacting proteins that were identified by LC-

MS/MS. Numbers indicate Normalized Spectral Abundance Factor (NSAF) scores that 

suggest the proximity of each subunit pair within the complex. Scores for bait self-

identification are depicted diagonally (gray fields). The brightness of the background 

indicates the relative interaction propensity based on the NSAF quartile ranking of all 

identified proteins within individual samples. Magenta indicates subunits of the 3–5–6–8 

module, while green subunits of the 10–15–70–84 module.  

b) A schematic spoke-model of the Arabidopsis exocyst complex. Dashed lines represent 

interactions found via co-immunoprecipitation (Co-IP) in this study and solid lines 

previously published yeast two-hybrid interactions (Y2H) (Hála et al., 2008; Fendrych et al., 

2010). Thick and thin lines depict reciprocal or one-way interactions found in individual 

bait-prey pairs, respectively. 

 

EXO70A1 is essential for the plant exocyst recruitment to the plasma membrane  

The exocyst accumulates at the outer lateral PM domain in root epidermal cells (Fig. 2a). 

However, the molecular determinants of the plant exocyst recruitment to the PM are 

largely unknown. While both Exo70 and Sec3 subunits are essential for the direct exocyst-

PM interaction in yeast and animal cells (He et al., 2007; Liu et al., 2007; Zhang et al., 2008; 

Pleskot et al., 2015), our previous work showed that SEC3a membrane binding is 
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dispensable for this process in Arabidopsis (Bloch et al., 2016). This stimulated us to 

explore the role of EXO70 in the exocyst recruitment to the PM.  

We first systematically inspected the PM localization of exocyst subunits (SEC3a, 

SEC6, SEC8, SEC10a, SEC15b, and EXO84b), representing both structural modules of the 

exocyst complex, in root epidermal cells lacking EXO70A1. Spinning-disk confocal 

microscopy revealed that all tested subunits, including SEC3a, lost their PM localization in 

the exo70a1 background (Fig. 2b, d). Importantly, the mislocalization of SEC3a implies that 

this subunit has only an accessory role in the recruitment of plant exocyst. The exocyst 

complex lacking EXO70A1 seems to be still assembled but is relocalized from the PM to 

abnormal intracellular structures (Fig. 2b). Two available combinations of tagged exocyst 

subunits (EXO84b:GFP and SEC10b:mRFP, SEC3a:GFP and EXO84b-mRFP), representing 

both modules, co-localized in the abnormal structures (Fig. S2a). In agreement, we also 

identified SEC3a and SEC6 as interactors of GFP:SEC8 using co-immunoprecipitation 

followed by mass spectrometry in exo70a1 mutant plants (Fig. S2b). The intracellular 

structures were positive for several endosomal-specific RAB GTPases, suggesting they are 

coalesced secretory and recycling compartments with endosomal and trans-Golgi identity 

(Fig. S3a). They also contained KEULE, a representative of known interactors of the plant 

exocyst (Wu et al., 2013) (Fig. S3b).  

To test whether EXO70A1 can bind the PM autonomously in vivo, we introduced GFP-

tagged EXO70A1 and other exocyst subunits from both exocyst modules into the exo84b 

background. It is known that the loss of the EXO84b subunit results in living plantlets (in 

contrast to gametophytically lethal sec6 and sec8), however with strong pleiotropic 

defects and dwarf growth (Fendrych et al., 2010). While the localization of other exocyst 

subunits was completely cytoplasmic with no traces at the outer lateral PM in exo84b 

mutant cells, GFP:EXO70A1 partially retained its PM localization in discrete patches (Fig. 

2c, d). Interestingly, SEC10a:GFP was still present at the baso-apical cell side (Fig. 2c).  

We also tested whether the polar localization of EXO70A1 is dependent on SEC3, 

which can serve as an exocyst landmark in yeast and mammalian cells (Finger et al., 1998; 

Zhang et al., 2008; Pleskot et al., 2015). Since the loss of SEC3a, the major SEC3 subunit in 

plants, is gametophytically lethal (Bloch et al., 2016), we transformed GFP:EXO70A1 into 

sec3a mutant plants expressing SEC3a under the control of pollen-specific LAT52 promoter 

to selectively overcome this lethality. Moreover, the expressed SEC3a subunit was lacking 

its N-terminal domain responsible for the interaction with PM phospholipids in pollen 

tubes. We found that the EXO70A1 localization to the outer lateral domain of root 

epidermis in sec3a/pLAT52::SEC3aΔN cells was indistinguishable from wild-type (WT) cells 

(Fig. 2e), demonstrating that the exocyst recruitment to the PM in the sporophyte is not 

dependent on SEC3-mediated membrane binding in plants.  

Taken together, our data demonstrate that EXO70A1 is essential for the native 

localization of the exocyst complex to the plant PM and can bind the PM autonomously. 

Interestingly, the exocyst assembly is likely dependent on the EXO84b subunit rather than 

on EXO70A1.  
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Figure 2. EXO70A1 is required for the recruitment of exocyst to the plasma membrane.  

a) GFP-tagged exocyst subunits preferentially localize to outer lateral plasma membrane 

(PM) domains in WT root epidermal cells.  

b) In exo70a1 mutant cells, GFP-tagged exocyst subunits from both modules are detached 

from the PM and accumulate in intracellular structures. The cartoon indicates the 

orientation of epidermal cells in panels (a–c). Regions of measurement are schematically 

displayed in red (PM) and white (cytoplasm) rectangles. 

c) In exo84b mutant cells, GFP:EXO70A1 is partially localized to the PM in discrete patches, 

whereas other GFP-tagged exocyst subunits are detached from the outer lateral PM and 

accumulate in the cytoplasm. GFP:SEC10a is also localized to the baso-apical PM. 

d) Analysis of the PM to cytoplasm (PM/Cyt) fluorescence ratio at the outer lateral PM in 

WT, exo70a1, and exo84b root epidermal cells. Green bars indicate median; distinct letters 

denote statistically different groups at a 0.01 significance level. For each line, at least 30 

cells from 6 independent plants were quantified. Scale bar = 10 µm; all images are in scale. 

e) GFP:EXO70A1 localization in root epidermal cells of wild-type and sec3a plants 

complemented with pollen-specific pLAT52::SEC3aΔN. Scale bars = 10 µm. Analysis of the 

PM to cytoplasm fluorescence ratio at the outer lateral PM showed non-significant 

difference (NS) using Student’s t-test (P = 0.157). Green bars indicate the median. For each 

line, at least 30 cells from 5 independent plants were quantified. 
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Full-length EXO70A1 is required for exocyst recruitment to the plasma membrane and 

functional complementation of the exo70a1 mutant 

We further investigated molecular details of the EXO70A1 recruitment to the PM. Based 

on the structures of non-plant EXO70 (Moore et al., 2007; Dong et al., 2005; Hamburger et 

al., 2006) and the partial Arabidopsis EXO70A1 structure (Zhang et al., 2016), we identified 

four regions corresponding to previously established domains (A, B, C, and D) in 

Arabidopsis EXO70A1. We then prepared a series of GFP-tagged EXO70A1 truncated 

variants lacking one or two domains (denoted as -BCD, ABC-, and --CD) and introduced 

them into the heterozygous exo70a1 mutant plants (Fig. 3a; File S1). We then selected 

exo70a1 homozygous mutant seedlings and analyzed the subcellular localization of the 

truncated EXO70A1 variants using spinning-disk confocal microscopy at the outer lateral 

PM domain of root epidermal cells.  

In contrast to full-length EXO70A1, none of the truncated variants localized to the 

outer lateral PM of epidermal cells (Fig. 3b, c). The localization of ABC- and --CD variants 

was cytoplasmic without any traces at the PM, and the --CD variant often accumulated in 

cytoplasmic aggregates. The -BCD variant also localized mostly to the cytoplasm but was 

weakly detectable at baso-apical PM domains (Fig. 3b).  

Next, we compared the localization pattern of all EXO70A1 variants in the PM focal 

plane, where the exocyst subunits appear as dynamic foci representing putative exocytosis 

sites (Fendrych et al., 2013). To unambiguously focus on the PM, we performed the 

imaging in plants co-expressing a PM endocytic marker DRP1C:mOrange (Konopka and 

Bednarek, 2008). While full-length GFP:EXO70A1 was found in the typical foci at the PM, 

all truncated variants were completely detached from the PM (Fig. 3d, e). Consistent with 

the microscopic observations, none of the truncated GFP:EXO70A1 variants could 

complement the exo70a1 mutant phenotype during the seedling and adult plant 

development in contrast to the full-length GFP:EXO70A1 variant (Fig. 3f). 

To dissect which parts of EXO70A1 are responsible for the direct interactions with 

exocyst subunits, we performed a Y2H assay testing pairwise interactions between 

truncated variants of EXO70A1 with SEC3a and N-terminal part of EXO84b (EXO84b-N) that 

were previously shown to interact with full-length EXO70A1 in Y2H assays (Hála et al., 

2008; Fendrych et al., 2010). While the ABC- variant strongly interacted with both SEC3a 

and EXO84b-N, the AB-- variant interacted only weakly with EXO84b-N. The -BCD and --CD 

variants were insufficient to bind either SEC3a or EXO84b-N (Fig. 3g; Fig. S4).  

In summary, we deduce that the B, C, and D domains are essential for the EXO70A1 

interaction with the PM. Although the A domain might be potentially dispensable, it 

dramatically improves the efficiency of this interaction. On the other hand, the A and B 

domains with the contribution of the C domain are important for inter-subunit interactions 

within the exocyst complex.  
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Figure 3. Full-length EXO70A1 is required for its efficient localization at the plasma 

membrane and functional complementation of the exo70a1 knock-out.  

a) Schematic representations of full-length and truncated GFP-tagged EXO70A1 variants.  

b) Subcellular localization of GFP-tagged EXO70A1 variants in medial optical sections 

through root epidermal cells. Scale bars = 10 µm.  

c) Quantification of the PM to cytoplasm fluorescence ratio at the outer lateral PM in root 

epidermal cells. Green bars indicate median; letters denote statistically different groups at 

a 0.01 significance level. For each line, at least 30 cells from 5 independent plants were 

quantified. 

d) Co-localization of the GFP-tagged EXO70A1 variants with mOrange-tagged DRP1C 

(dynamin) in optical sections parallel to the PM in root epidermal cells. Scale bars = 10 µm.  

e) Quantification of foci density at the outer lateral PM in root epidermal cells. Bars 

indicate median (EXO70A1 variants in green; DRP1C in magenta); letters denote 

statistically different groups at a 0.01 significance level. For each line, 10 to 22 cells from 5 

independent plants were quantified. 

f) Growth phenotype of plants expressing GFP-tagged EXO70A1 variants in the exo70a1 

background. WT and non-transformed exo70a1 plants are displayed for reference. Scale 

bars = 1 cm. Insets show the corresponding 5-day-old seedlings. 

g) Interactions of EXO70A1 variants with SEC3a and the N-terminal part of EXO84b in the 

Y2H assay. AD – Activating domain; BD – DNA-Binding domain. 
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Key phospholipid components uniquely contribute to the EXO70A1 recruitment to the 

plant plasma membrane 

Yeast and animal Exo70 subunits were previously demonstrated to be recruited to the PM 

via direct binding PIP2, a principal phospholipid determinant of the opisthokont PM 

identity (He et al., 2007; Liu et al., 2007). Therefore, we investigated the role of PIP2 in the 

EXO70A1 recruitment to the PM in Arabidopsis root epidermal cells. We utilized the 

pip5k1 pip5k2 double mutant that lacks two predominant sporophytic isoforms of the 11-

member phosphatidylinositol-4-phosphate 5-kinase family in Arabidopsis and shows 

dramatically reduced PIP2 level (Ischebeck et al., 2013). Surprisingly, the GFP:EXO70A1 

localization at the PM in pip5k1 pip5k2 homozygotes was indistinguishable from control 

plants (Fig. 4a, b). 

Next, we tested a putative role of plant PM signature phospholipids in the EXO70A1 

localization to the outer lateral PM domain in root epidermal cells. We applied R59022 and 

PAO, established pharmacological inhibitors of the PA-producing diacylglycerol kinase 

(DGK) and phosphatidylinositol 4-kinase, respectively (Platre et al., 2018; Barbosa et al., 

2016; Simon et al., 2016). The GFP:EXO70A1 recruitment to the outer lateral PM was 

significantly reduced upon the R59022 treatment, drastically decreased upon the PAO 

treatment, and nearly lost when a combination of both inhibitors was applied (Fig. 4c, d). 

In contrast, the depletion of sterols by treatment with fenpropimorph, a potent sterol 

biosynthesis inhibitor (He et al., 2003), had a negligible effect on the EXO70A1 localization 

to the outer lateral PM domain, further corroborating the dominant role of anionic 

phospholipids in EXO70A1 recruitment (Fig. S5). 

Collectively, our results uncovered a synergic contribution of PI4P and PA to the 

EXO70A1 PM recruitment in vivo in Arabidopsis root epidermal cells and questioned the 

prominent role of PIP2 in this process.  
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Figure 4. Plasma membrane localization of EXO70A1 depends on phosphatidylinositol 4-

phosphate and diacylglycerol kinase-produced pool of phosphatidic acid.  

a) GFP:EXO70A1 recruitment to the outer lateral plasma membrane (PM) domain in root 

epidermal cells in WT and pip5k1 pip5k2 mutant cells. Scale bar = 10 µm. 

b) The PM association index of GFP:EXO70A1 in WT and pip5k1 pip5k2 mutant cells. Each 

dataset consists of at least 40 evaluated cells from 6 independent plants. Green bars 

represent the median; no significant difference was found at a 0.01 significance level. 

c) GFP:EXO70A1 recruitment to the outer lateral PM in root epidermal cells upon inhibition 

of PA-producing diacylglycerol kinases by R59022 and PI4P-producing PI4 kinases by PAO 

inhibitors (1h treatment). Scale bar = 10 µm. 

d) The PM association index of GFP:EXO70A1 upon inhibition by R59022 and PAO. Each 

dataset consists of at least 64 cells from 8 independent plants. Green bars represent the 

median; letters indicate statistically different groups at a 0.01 significance level.  
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Conserved C-terminal lysine residues are crucial for the initial EXO70A1 interaction with 

anionic phospholipids 

To resolve the EXO70A1 interaction mechanism with the plant PM signature phospholipids 

at the molecular level, we performed coarse-grained molecular dynamics (CGMD) 

simulations. This computational approach was shown to be highly accurate in predicting 

the membrane-bound state of peripheral membrane proteins (Yamamoto et al., 2020). 

Using the Robetta web server, we generated a comparative model of the full-length 

EXO70A1 structure, which we used in subsequent simulations. The simulated system 

contained one molecule of EXO70A1, ions, water molecules and a complex phospholipid 

bilayer with the composition of charged phospholipids corresponding to the plant plasma 

membrane (Im et al., 2007; Furt et al., 2010, Ischebeck et al., 2013; König et al., 2008).  

We carried out five independent CGMD simulations with different starting velocities 

resulting in a total of 5 μs of simulation time. In all simulations, we observed a close 

association of EXO70A1 with the complex phospholipid bilayer (Fig. 5a, b). In all cases, the 

initial association of EXO70A1 with the membrane was mediated by its C-terminal part. 

Later in the simulation, the whole protein interacted with phospholipids and remained 

stably bound for the remaining simulation time (Fig. 5a, b). The same binding behaviour 

was previously described for yeast Exo70p, pointing to the evolutionarily conserved mode 

of membrane interaction among the EXO70 proteins (Pleskot et al., 2015). Analysis of 

contacts between protein amino acid residues and phosphate atoms of the phospholipid 

bilayer revealed that the highest number of interacting residues was located at the C-

terminal part, a region corresponding to the C and D domains of EXO70A1 (Fig. 5c, d). By 

comparing the identified membrane-interacting residues of EXO70A1 with a multiple 

sequence alignment of EXO70A family isoforms from a wide selection of Streptophyta, we 

found five evolutionary conserved residues which play a dominant role in the membrane 

association, namely lysines K393, K462, K549, K607 and K611 (Fig. 5c, d and Fig. S6). A 

detailed analysis of the contacts between protein residues and particular anionic 

phospholipids showed that the EXO70A1 interaction with PI4P and PIP2 is mediated 

predominantly by the amino acid residues K607 and K611 of the D domain (Fig. S7). In 

contrast, the residues interacting with the PA and PS, namely K393 and K462, are 

distributed beyond the D domain to the C domain, and in the case of PS also by K137 

located at the end of the A domain (Fig. S7). 

To further characterize the EXO70A1 interaction with the complex membrane, we 

analyzed a 2D distribution of different phospholipid molecules in the phospholipid leaflet 

adjacent to the protein. We observed that EXO70A1 caused pronounced clustering of PI4P, 

PIP2 and PA, but not PS (Fig. 5e). Such a differential binding and clustering of several 

negatively charged phospholipids suggest a complementary contribution of different plant 

PM signature phospholipids to the EXO70A1-membrane interaction. These computational 

results are consistent with our in vivo observations in Arabidopsis root epidermal cells. 

Notably, the observed clustering of PIP2 by EXO70A1 provides a molecular explanation of 

the recently observed phenomenon showing that EXO70A1 is required for the PIP2 

accumulation at prospective Casparian strips (Kalmbach et al., 2017). 
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Figure 5. Molecular dynamics simulations reveal the key residues indispensable for the 

EXO70A1 interaction with anionic phospholipids. 

a) Representative snapshots of the molecular dynamics simulations of EXO70A1 with a 

complex negatively charged phospholipid bilayer. Three different time points are shown, 

the starting conditions (0 ns), the initial encounter of EXO70A1 with the phospholipid 

bilayer mediated by the protein C-terminus (390 ns), and the stably membrane-bound 

protein (1000 ns). EXO70A1 is coloured in white, acyl chains are grey, headgroup atoms 

are purple, sodium atoms are orange and water molecules are transparent cyan. 

b) Progress of five independent molecular dynamics simulations shown as the minimal 

distance between EXO70A1 and the phospholipid bilayer. Different replicas are shown in 

different colors. 

c) Time course of EXO70A1 residues in contact with the phosphate groups of the complex 

phospholipid bilayer. The contacts were defined as the number of phosphate groups 

within 0.8 nm of protein atoms. The in-scale schematic domain organization of EXO70A1 is 

shown above the plot. 

d) The mean number of EXO70A1-phosphate contacts per amino acid residue of the 

EXO70A1 molecule from five independent runs.  

e) The mean number of EXO70A1-phosphate contacts mapped onto the protein structure. 

The solvent-excluded surface is shown in a transparent representation. 

f) Two-dimensional density of different negatively charged phospholipid molecules in the 

leaflet adjacent to EXO70A1 calculated over the last 500 ns of the simulation, shows 

preferential clustering of PIP2, PI4P, and PA. 
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EXO70A1 recognizes a specific subset of plant plasma-membrane signature 

phospholipids in vitro 

To prove the proposed mode of EXO70A1 binding to the PM, we tested the EXO70A1 

capability to directly bind major negatively charged PM phospholipids in vitro. Our 

attempts to obtain recombinant full-length GST:EXO70A1 were not successful. However, 

we managed to purify near full-length GST:EXO70A1 (residues 70–638) from E. coli lysates, 

corresponding to structurally characterized mouse, yeast, and plant Exo70s (Dong et al., 

2005; Hamburger et al., 2006; Moore et al., 2007; Zhang et al., 2016) (Fig. S8a).  

We performed protein-lipid overlay assays to get a general overview of the lipid-

binding capability of EXO70A1. Consistently with our computational data, we found 

promiscuous EXO70A1 binding to all negatively charged phospholipids (Fig. 6a). We then 

addressed the contribution of individual signature phospholipids present in the plant PM 

under more physiological conditions. To this end, we employed co-sedimentation lipid-

binding assays using large unilamellar vesicles (LUV) with phospholipid composition that 

recapitulates the CGMD simulations. Under these conditions, GST:EXO70A1 showed a 

strong interaction with PA, PI4P, and PIP2, as 80–90% of the input protein was bound to 

LUVs containing any of these phospholipids, without significant binding preference (Fig. 

6b, Fig. S8). Conversely, the presence of PS in LUVs did not significantly increase 

GST:EXO70A1 in the phospholipid-bound fraction above the level observed for the 

electroneutral PC/PE control. GST alone used as a negative control bound no 

phospholipids in the same experimental setup (Fig. 6c).  

Next, we tested the importance of the five evolutionarily conserved lysines (K393, 

K462, K549, K607, K611) that were predicted to interact with anionic phospholipids in 

CGMD simulations (Fig. 5). Using site-directed mutagenesis we substituted the five key 

lysines for glutamates and tested the ability of this mutated near full-length variant 

(GST:EXO70A1-5xK/E) to interact with phospholipids. In contrast to WT GST:EXO70A1, the 

point-mutated GST:EXO70A1-5xK/E variant lost its ability to bind anionic phospholipids in 

both protein-lipid overlay assay and co-sedimentation lipid-binding assays (Fig. 6d, e; Fig 

S8b).  

In summary, our data show that plant EXO70A1 adapted its membrane-binding 

properties to a specific subset of plant PM signature phospholipids. These multiplex 

EXO70A1-phospholipid interactions are crucial for the recruitment of the exocyst complex 

to the PM. 
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Figure 6. EXO70A1 binds negatively charged phospholipids in vitro.  

a, d) Protein-lipid overlay assays with purified recombinant GST:EXO70A1 or 

GST:EXO70A1-5xK/E. Bound proteins were visualized using the anti-GST-HRP antibody. 

TAG, triglyceride; DAG, diacylglycerol; PA, phosphatidic acid; PS, phosphatidylserine; PE, 

phosphatidylethanolamine; PC, phosphatidylcholine; CL, cardiolipin; PI, 

phosphatidylinositol; PI4P, phosphatidylinositol 4-phosphate; PIP2, phosphatidylinositol 

4,5-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; Chol, cholesterol; SM, 

sphingomyelin; Sulf, 3-sulfogalactosylceramide. 

b, c, e) Co-sedimentation of LUVs with purified recombinant GST:EXO70A1, GST:EXO70A1-

5xK/E or GST. LUVs contained the particular phospholipids at indicated fractions. After 

sedimentation, proteins in supernatants (S) and pellets (P) were subjected to SDS-PAGE 

and visualized by Coomassie Blue staining (gel images on top). Means ± SEM of 

membrane-bound fractions are shown; individual data points from 3–6 independent 

experiments are indicated by circles; letters denote statistically different groups at a 0.05 

significance level. PM signature phospholipids strongly interacting with EXO70A1 are 

shown in magenta. The entire gels in Fig. S8b. 
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Evolutionarily conserved EXO70A1 lysine residues are critical for the exocyst function in 

planta  

To test the impact of lysine substitutions on the EXO70A1 membrane recruitment in vivo, 

we introduced GFP-tagged EXO70A1-5xK/E into heterozygous exo70a1 mutant plants. We 

then analyzed the subcellular localization of GFP:EXO70A1-5xK/E in exo70a1 homozygous 

seedlings (Fig. 7a). The mutant variant lost the typical EXO70A1 localization pattern at the 

outer lateral PM, leaving only weak non-polarized distribution at the PM (Fig. 7b). The PM 

association index was significantly lower compared to the WT variant (Fig. 7c). Expression 

of GFP:EXO70A1-5xK/E in exo70a1 homozygotes restored the mutant phenotype on the 

seedling level but could not fully complement the aberrant exo70a1 morphology of adult 

plants (Fig. 8d). These plants could not typically reach the WT height, were more branched 

than WT, and mostly sterile (Fig. S9).  

To test the functional significance of the evolutionarily conserved lysine residues and 

their function in other cell types, we prepared an analogical point-mutated variant (5xK/E) 

of tobacco YFP:NtEXO70A1a and analyzed its localization in tobacco pollen tubes. In 

contrast to WT YFP:NtEXO70A1a, which localized to PM just behind the pollen tube apex 

(Sekereš et al., 2017), the YFP:NtEXO70A1a-5xK/E variant was completely cytoplasmic (Fig. 

S10). To further investigate the involvement of PIP2 and PA on the NtEXO70A1a membrane 

recruitment, we tested the localization of WT and point-mutated variant in pollen tubes 

overexpressing major PIP2- and PA-producing enzymes, PIP5K5 or PLDδ3, respectively 

(Ischebeck et al., 2008; Pejchar et al., 2020). While the elevated levels of PIP2 or PA 

significantly enhanced the recruitment of WT YFP:NtEXO70A1a to the PM, they did not 

lead to the recruitment of the YFP:NtEXO70A1a-5xK/E variant (Fig. S10).  

Collectively, our data show that the key evolutionary-conserved lysine residues play 

an essential role in the EXO70A1 function as the major landmark for the exocyst 

recruitment to the PM (Fig. 7e). The proposed mechanism is thus likely to be conserved 

among plants and utilized by distinct cell types. 
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Figure 7. Mutations of 

the key lysine residues 

in EXO70A1 impair the 

capability to bind the 

plasma membrane.  

a) Schematic repre-

sentations of GFP-

tagged EXO70A1 with 

introduced point 

mutations (in red).  

b) Subcellular locali-

zations of point-

mutated (5xK/E) 

GFP:EXO70A1 in 

Arabidopsis root 

epidermal cells. The 

left image is a medial 

optical section through 

epidermal and cortical 

cells; the right image 

an optical section 

parallel to the PM. 

GFP:EXO70A1-5xK/E 

lost its typical 

enrichment at the 

outer lateral PM. For 

WT GFP:EXO70A1, that 

was used as control, 

see Fig. 3b and 3c.  

Scale bars = 10 µm. 

c) Quantification of the PM to cytoplasm fluorescence ratio at the outer lateral PM in root 

epidermal cells. The green bar indicates median; n > 30. The PM association index is 

significantly different from that of WT at a 0.01 significance level (Fig. 3c). 

d) GFP:EXO70A1-5xK/E could only partially complement phenotypic deviations of exo70a1 

mutant plants (variability of the phenotype in Fig. S9). For exo70a1 complemented with WT 

EXO70A1, that was used as control, see Fig. 3f. Scale bar = 1 cm. The inset shows the 

corresponding 5-day-old seedling. 

e) Schematic depiction of the exocyst recruitment to the outer lateral PM via coincidence 

detection of multiple phospholipids and proteins. EXO70A1 superimposed on the 

experimentally solved exocyst complex (PDB code 5YFP) is shown together with major 

phospholipid partners and putative polarization protein interactor. The relative number of 

contacts between EXO70A1 lysine residues and phospholipids based on CGMD simulations 

is displayed in the purple scale. 
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Discussion  

 

The exocyst complex was discovered more than two decades ago (TerBush et al., 1996) 

and its essential function in polarized exocytosis was demonstrated in various organisms, 

yet the mechanistic details of the exocyst architecture and membrane recruitment are still 

not fully understood. Here, we focused on the plant exocyst and demonstrated its several 

evolutionarily-unique features in respect to subunits connectivity and membrane 

interaction. 

Our co-immunoprecipitation and Y2H experiments show that the plant exocyst 

complex is composed of two conserved modules, similarly to yeast and mammalian cells 

(Heider et al., 2016; Picco et al., 2017; Ahmed et al., 2018). Given the evolutionary 

distance between plant, yeast, and mammalian cells, we hypothesize that the two-module 

architecture is an ancestral feature already present in the last eukaryotic common 

ancestor. Our data suggest that the overall connectivity of the plant exocyst resembles the 

situation in mammalian cells, where the 3–5–6–8 module is tightly bound together and 

only loosely associated with the 10–15–70–84 module (Ahmed et al., 2018; Katoh et al., 

2015). However, unlike in mammalian cells, EXO70 and SEC3 subunits directly interact in 

plant cells, representing a plant-specific bridge between the two modules. Moreover, the 

colocalization of the two modules in the intracellular structures in exo70a1 mutant cells 

suggests the existence of additional inter-subunit interactions connecting the two 

modules, e.g. SEC3–SEC10 (Fig. 1b).  

In yeast and animal cells, Exo70 and Sec3 have partially redundant functions in the 

exocyst PM recruitment via direct interactions with phospholipids (He et al., 2007; Liu et 

al., 2007). In mammalian cells, the SEC3-containing exocyst module can reach the PM 

independently of the EXO70-containing module (Ahmed et al., 2018). In plants, however, 

the mutated variants of SEC3a incapable to bind PIP2 were still able to reach the PM in 

Arabidopsis pollen tubes, pointing to the central role of the EXO70 subunit in 

phospholipid-mediated exocyst recruitment. Furthermore, the SEC3b isoform cannot 

substitute for the SEC3a function in the gametophyte as well as sporophyte due to its 

negligible expression level (Bloch et al., 2016). In concert with this notion, our data show 

that EXO70A1 is crucial for the delivery of other exocyst subunits, including SEC3a, to the 

PM in Arabidopsis epidermal root cells. In agreement, the recruitment of exocyst was 

shown to be EXO70A1-dependent at prospective Casparian strips (Kalmbach et al., 2017).  

We documented that plant EXO70A1 directly binds multiple anionic phospholipids 

(PA, PI4P, and PIP2), in contrast to yeast and mammalian cells where only PIP2 is 

responsible for the Exo70 recruitment (He et al., 2007; Liu et al., 2007). Given the almost 

complete loss of EXO70A1 from the PM upon the pharmacological PA and PI4P depletion 

and persistent PM recruitment of EXO70A1 in pip5k1 pip5k2 double mutants in root 

epidermal cells, we conclude that PIP2 contribution to the EXO70A1 PM recruitment is 

rather auxiliary. However, we cannot completely rule out the contribution of PIP2 to the 

EXO70A1-PM recruitment due to either residual PIP2 levels in pip5k1 pip5k2 mutants or a 

specific electrostatic signature in other cell types. For instance, PIP2 seemingly plays an 

important role in the EXO70A1 recruitment to PM microdomains of prospective Casparian 

strip deposition (Kalmbach et al., 2017) or PM subdomains in trichomes (Kubátová et al., 

2019). Furthermore, the direct EXO70A1 binding to phosphoinositides including PIP2 was 
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independently shown in a lipid-protein overlay (Wu et al., 2017). We recently described 

that the pollen-specific EXO70A2 isoform, closely related to EXO70A1, fully complements 

the exo70a1 mutant phenotype, while EXO70A1 is unable to complement the loss of 

EXO70A2 in pollen (Marković et al., 2020). In pollen tubes, PIP2 localizes to the secretory 

hotspot at the PM and likely dominates PA and PI4P in the regulation of pollen exocytic 

trafficking (Ischebeck et al., 2008, Potocký et al., 2014; Bloch et al., 2016; Sekereš et al., 

2017). Different PM lipid signatures in sporophytic and gametophytic cells might 

correspond to distinct phospholipid preferences of particular EXO70A isoforms. 

Our discovery of the direct EXO70A1 interaction with PA is a novel and unique feature 

of the plant exocyst complex. In animal and yeast cells, PA is present in negligible levels in 

the PM and its function as a PM signature phospholipid outside plants is not clear (Zeniou-

Meyer et al., 2007). In the plant research, however, recent papers documented a vital 

contribution of PA to the plant PM composition and function. For example, lipidomics of 

tobacco leaf and BY2 suspension PM fractions demonstrated 5–10 times higher content of 

PA than PIP2 (Furt et al., 2010), and the PA level in plant tissues further rises during biotic 

and abiotic stresses (Testerink and Munnik, 2011). The importance of the plant PA 

signaling is also reflected by the expansion of genes encoding PA-producing enzymes in 

plant evolution (Pleskot et al., 2012a). Furthermore, several candidate PA interactors, 

including components of signaling pathways, endocytic machinery, and cytoskeletal 

regulators, were identified in proteomic screens (Zhang et al., 2012; McLoughlin et al., 

2013; Julkowska et al., 2015; Putta et al., 2016; Putta et al., 2020). Interestingly, the actin-

capping protein, which is regulated by PIP2 in animals, interacts preferentially with PA in 

plants due to its lineage-specific features that drive the interaction (Huang et al., 2006; 

Pleskot et al., 2012b). Collectively, our results and published data support the hypothesis 

that PI4P and PA have overtaken the role of PIP2 during plant evolution (Pleskot et al., 

2014; Simon et al., 2016).  

In growing pollen tubes (Bloch et al., 2016; Sekereš et al., 2017), developing 

endodermis (Kalmbach et al., 2017), and mature trichomes (Kubátová et al., 2019), 

polarized localization of the exocyst was correlated with genetically-encoded fluorescent 

phospholipid probes. However, in root epidermal cells, neither PIP2, PI4P, nor PA was 

enriched at the outer lateral PM (Platre et al., 2018; Simon et al., 2014). This suggests that 

although specific phospholipids are critical for the exocyst membrane recruitment, they 

are not sufficient for the polarized exocyst localization to the outer lateral PM domain in 

root epidermal cells. Thus, we hypothesize that coincidence detection of anionic 

phospholipids and specific protein partners by EXO70 is required for the polar exocyst 

localization in plants (Fig. 7e), as shown for other peripheral membrane proteins 

(Moravcevic et al., 2012). Accordingly, the EXO70B1 recruitment to the PM is dependent 

on the RIN4 protein, a regulator of plant defense (Sabol et al., 2017). We previously 

showed that in a single cell, different EXO70 pairs localize to non-overlapping PM domains 

enriched with distinct phospholipids (EXO70A1/H4 in Arabidopsis trichomes; EXO70A1a/B1 

in tobacco pollen tubes) (Kubátová et al., 2019; Sekereš et al., 2017). Therefore, we 

speculate that the multiple plant EXO70 isoforms might be targeted to distinct membrane 

domains by recognition of specific lipid-protein signatures (Žárský et al., 2020).  

In summary, our study shows that the overall architecture of the exocyst vesicle-

tethering complex is broadly conserved among yeast, animals, and plants. However, the 
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recruitment of the plant exocyst to the PM is substantially different due to the 

evolutionarily diverged PM composition (Noack and Jaillais, 2020). We conclude that the 

members of the EXO70A family are critical subunits responsible for the exocyst 

recruitment to the plant PM, while SEC3 plays only an auxiliary role. Whereas the N-

terminal part of Arabidopsis EXO70A1 is responsible for inter-subunit interactions within 

the exocyst complex, the C-terminal part is essential for the exocyst binding to the PM. 

The EXO70A1-PM binding is orchestrated by interactions of evolutionarily-conserved lysine 

residues with selected plant PM-signature phospholipids. The multivalent interaction of 

EXO70A1 with PA and PI4P represents a unique plant-specific feature of the exocyst 

complex. By our multidisciplinary approach, combining plant genetics, advanced live-cell 

imaging, protein-lipid interaction assays, and molecular dynamics simulations, we provide 

a blueprint for future studies analyzing membrane-protein interphases in plant cells. 

 

 

Materials and Methods 

 

Plant material and growth conditions 

Arabidopsis thaliana seeds were surface sterilized (70% ethanol for 3 min, 10% commercial 

bleach for 10 min, and rinsed three times in sterile distilled water) and stratified for 3 days 

at 4 °C. Seeds were then germinated on vertical ½×MS agar plates (half-strength 

Murashige and Skoog salts [Duchefa Biochemie] supplemented with 1% sucrose, vitamin 

mixture, and 1.6% plant agar [Duchefa Biochemie]) at 21 °C and 16 h of light per day. 

Seven-day-old seedlings were transferred into turf pellets (Jiffy Products International) and 

grown at 22 °C and 16 h of light per day in growth rooms.  

Published mutant and transgenic lines (GFP/RFP) are listed in Supplementary 

Information (Supplementary Materials and Methods). 

For all crossings and transformations into the exo70a1 or exo84b, plants heterozygous 

for these mutations were used due to drastically reduced fertility of respective 

homozygotes. For crossings into pip5k1 pip5k2, plants heterozygous for pip5k1 and 

homozygous for pip5k2 were used. Homozygous plants were then selected for 

experiments from segregating populations based on their typical phenotypes on vertical 

agar plates (Synek et al., 2006; Ischebeck et al., 2013).  

To evaluate the complementation capacity of truncated and point-mutated EXO70A1 

variants, we analyzed their functionality in the second generation of transformed exo70a1 

heterozygotes. GFP-positive seedlings were visually selected and transferred to soil to 

observe their terminal phenotype six weeks after germination.  

 

Co-immunoprecipitation and mass spectrometry analysis 

For the analysis of in vivo interactions within the exocyst complex by co-

immunoprecipitation, we used 1 g of 10-day-old Arabidopsis seedlings for each isolation. 

Protein interactors of GFP-tagged exocyst subunits and of free GFP (used as a negative 

control) were isolated using the µMACS GFP-tagged protein isolation kit (Miltenyi Biotec), 

according to the manufacturer's instructions. Instead of the provided wash buffers we 

used the Sec6/8 buffer (Hála et al., 2008). Bound proteins were eluted with 100 µl of the 

preheated elution buffer, flash frozen in liquid nitrogen and analyzed by liquid 
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chromatography coupled to tandem mass spectrometry (LC-MS/MS). Detailed description 

of LC-MS/MS is provided in Supplementary Information (Supplementary Materials and 

Methods). 

 

Confocal microscopy, pharmacological treatments, and quantification in Arabidopsis root 

cells  

Subcellular localization of exocyst subunits and EXO70A1 variants was examined in the late 

meristematic to early elongation zone of 5-day-old seedlings using a spinning disk confocal 

microscope (Yokogawa CSU-X1 on the Nikon Ti-E platform, Agilent MLC400 laser box, 

Andor Zyla sCMOS camera, NIS Elements 4.1 software). A Plan Apochromat 60x/1.2 water 

immersion objective was used for medial optical sections, while a Plan Apochromat 

100x/1.4 Oil objective was used for detailed analysis of the PM localization (in the plane on 

the PM). The GFP and mOrange fluorescence was excited by 488 nm and 561 nm laser 

lines, respectively, and recorded at 1s exposure times, 4× averaging using 525/30 and 

607/36 emission filters (Semrock Brightline). 

For inhibition of diacylglycerol kinases and/or phosphatidylinositol 4-kinases, 

seedlings were treated with 12.5 µM R59022 (Sigma-Aldrich; 25 mM stock in DMSO) 

and/or 30 µM PAO (Sigma-Aldrich; 30 mM stock in DMSO) in liquid ½×MS medium for 1 h 

before imaging. Control seedlings were treated with equivalent volumes of DMSO. At least 

40 cells from 6 to 8 independent plants were evaluated.  

For inhibition of sterol production, seedlings were treated with fenpropimorph (50 

μg/ml) on vertical ½×MS agar plates for 20 h before imaging. At least 35 cells from 8 

independent plants were evaluated.  

At least 30 cells per sample were captured for calculation of the PM association index. 

Post-acquisition image processing and quantitative analyses were performed in the FIJI 

software (Schindelin et al., 2012) and figures were assembled in Inkscape. The PM 

association index was calculated as a ratio of the PM/cytoplasm GFP signal based on mean 

gray values in narrow ROIs parallel to the PM and next to it inside the cell, avoiding 

vacuoles or nuclei (Fig. 2b – inset). Density of endo- and exocytic foci at the PM was 

calculated using Find Maxima (value 9) in FIJI after applying Gaussian blur (0.5). 

 

Yeast two-hybrid assay 

Cells of Saccharomyces cerevisiae AH109 double transformed with plasmids bearing tested 

exocyst subunits were selected on -LEU -TRP medium. Single colonies were then scale-

diluted and grown for three days on -ADE -HIS -LEU -TRP selective medium. The assay was 

repeated three times. SEC3a and EXO84b-N fused to the DNA binding domain exhibited 

highly promiscuous interactions (Hála et al., 2008; Fendrych et al., 2010), therefore only 

their fusions with the Activating domain were included in the assay. 

 

Homology modelling and molecular dynamics simulations of AtEXO70A1 

A 3D model of the full-length Arabidopsis EXO70A1 protein structure was predicted using 

the Robetta web server (Kim et al., 2004). The structure of EXO70A1 was mapped into the 

MARTINI coarse-grain (CG) representation using the martinize.py script (Jong et al., 2013). 

The ELNEDYN representation with the distance cutoff 0.9 nm and the spring force constant 

500 kJ·mol-1·nm-2 was used to prevent any undesired large conformational changes during 
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CGMD simulations (Periole et al., 2009). The MARTINI CG model for all phospholipid 

molecules used in this study was taken from Ingolfsson et al. (2014). Phospholipid bilayer, 

in total composed of 1200 phospholipid molecules, containing POPC:POPE:POPS:POPA: 

POPI4P:POPI(4,5)P2 (molecular ratio 37:37:10:10:5:1) was prepared using CharmmGUI 

Martini Maker (Hsu et al., 2017). CG-MD simulations were performed in GROMACS v5 

(Abraham et al., 2015). The bond lengths were constrained to equilibrium lengths using 

the LINCS algorithm (Hess et al., 1997). Lennard-Jones and electrostatics interactions were 

cut off at 1.1 nm, with the potentials shifted to zero at the cutoff (Jong et al., 2013). A 

relative dielectric constant of 15 was used. The neighbor list was updated every 20 steps 

using the Verlet neighbor search algorithm. Simulations were run in the NPT ensemble. 

The system was subject to pressure scaling to 1 bar using Parrinello-Rahman barostat 

(Parrinello et al., 1981) with temperature scaling to 303 K using the velocity-rescaling 

method (Bussi et al., 2008) with coupling times of 1.0 and 12.0 ps. Simulations were 

performed using a 20 fs integration time step. Initially, the protein was placed 

approximately 4.0 nm away from the membrane. Subsequently, the standard MARTINI 

water and Na+ ions were added to ensure the electroneutrality of the system. The whole 

system was energy minimized using the steepest descent method up to the maximum of 

500 steps, and equilibrated for 10 ns. Production runs were performed for up to 1 μs. The 

standard GROMACS tools as well as in-house codes were used for the analysis. 

 

Purification of recombinant GST-tagged proteins 

Plasmids (pGEX4T-2) bearing GST:EXO70A1 and GST:EXO70A1-5xK/E, both lacking the N-

terminus encoding the first 69 amino acids, and GST alone were transformed into E. coli 

ArcticExpress Codon Plus DE3 cells (Stratagene). Overnight culture (10 ml) was diluted in 1 

l of fresh LB medium with gentamicin (25 mg/l) and ampicillin (50 mg/l) and grown at 37 °C 

to OD 0.8. Bacterial culture was cooled down to RT, recombinant protein expression was 

induced by addition of powdered lactose (final concentration 1 g/l) and the culture was 

then cooled down to 15 °C. After 20-h incubation (160 rpm at 15 °C), the bacterial culture 

was centrifuged in 50ml falcon tubes (5000 rpm, 4 °C, 10 min) and the pellet was frozen at 

–20 °C overnight. After being thawed on ice, cells were resuspended in 50 ml of cold 

purification buffer (50 mM Tris [pH 7.5], 0.2 M NaCl, 0.1% β-mercaptoethanol, 5% glycerol, 

protease inhibitor cocktail), disrupted by sonication (3x10 min on ice with 10 min breaks at 

30% power, Bandelin Sonoplus) and cleared by centrifugation (20 000x g, 4 °C, 1 h). The 

supernatant was loaded on a chromatographic column containing 1 ml of Glutathione 

Sepharose (GE Healthcare), and let flow through by gravity. Unbound proteins were 

washed away with 10 ml of purification buffer, GST-tagged proteins were eluted five times 

with 1 ml of 25 mM glutathione in purification buffer to collect five following fractions. 

Quality of the eluted protein was evaluated by SDS-PAGE. The whole purification 

procedure was done at 4 °C. 

 

Protein-lipid overlay assay 

Membrane lipid strips (Echelon Bioscience, P-6002) were blocked with 5 ml of blocking 

solution (3% BSA [Sigma, A7030], 0.1% Tween-20 in PBS, pH 7.2) at RT for 1 h under gentle 

agitation. Then, 2 ml of blocking solution were removed and purified GST:EXO70A1 or GST 

was added (final protein concentration of 1 µg/ml). Strips were incubated at RT for 2 h 
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under gentle agitation and then washed three times for 10 min with PBS containing 0.1% 

Tween-20. Anti-GST-HRP conjugate (Cytiva, RPN1236) diluted 1:5000 in the blocking 

solution was layered over the strips and incubated at RT for 1h under gentle agitation. 

After three washes for 10 min with PBS containing 0.1% Tween-20, strips were incubated 

with 600 µl of Amersham ECL™ Prime Western Blotting Detection Reagent (GE Healthcare, 

RPN2236) for 2 min and lipid-bound proteins were visualized using ChemiDoc XRS+ 

Imaging system (Bio-Rad). 

 

Co-sedimentation lipid-binding assay with LUVs 

Dioleyl PA, PE, PC, and PS were dissolved in chloroform as 4 mM stocks, whereas PI4P and 

PIP2 in chloroform/methanol/water (20:9:1) as 500 µM stock. Phospholipid mixtures of 

different composition were then mixed to give 400 nmol of total phospholipids per sample 

and the solvent was evaporated in a SpeedVac at 35 °C for 45 min. Phospholipids were 

rehydrated in 500 µl of the extrusion buffer (250 mM raffinose pentahydrate [Sigma, 

R0250], 25 mM Tris-HCl [pH 7.5], 1 mM dithiothreitol), incubated at RT for 1.5 h on a 

rotator wheel, and sonicated for 30 s at 75 kHz. The MiniExtruder (Avanti) with a filter 

pore diameter of 200 nm was washed with the extrusion buffer and LUVs were prepared 

by pushing the phospholipid suspensions through the extruder 20 times. Each sample was 

filled up to 1 ml with the binding buffer (750 mM KCl, 150 mM Tris-HCl [pH 7.5], 6 mM 

dithiothreitol, 3 mM EDTA [pH 7.5]). After centrifugation (72000x g, RT, 30 min), the 

supernatant was discarded and pellet resuspended in 1 ml of the binding buffer. LUVs 

were centrifuged again, supernatant discarded and the pellet resuspended in 100 µl of the 

binding buffer. GST:EXO70A1 (WT or 5xK/E) protein was added (7 µl) and samples were 

incubated at RT for 45 min on a rotator wheel. After centrifugation (72000x g, RT, 30 min), 

supernatants were removed and precipitated using 400 µl of cold acetone or concentrated 

in SpeedVac to a final volume of 25 µl. Pellets were washed with 100 µl of the binding 

buffer and centrifuged again. Pellets were resuspended in 25 µl of the 6x SDS loading 

buffer and denatured at 70 °C for 10 min. The supernatants and pellets were subjected to 

10% SDS–PAGE and stained with Coomassie Blue for quantification of free (supernatant) 

and phospholipid-bound (pellet) proteins. 

 

Transient expression and confocal microscopy in tobacco pollen tubes  

Plasmids encoding YFP:NtEXO70A1a, YFP:NtEXO70A1a-5xK/E or phospholipid modifying 

enzymes (AtPIP5K5, NtPLDδ3) were introduced into germinating tobacco pollen grains on 

solid culture medium by particle bombardment using a helium-driven particle-delivery 

system PDS-1000/He (Bio-Rad) as described previously (Kost et al., 1998). Gold particles 

were coated with 1 μg of plasmid DNA for NtEXO70A1a variants expression and with 5 μg 

of plasmid DNA for the overexpression of phospholipid modifying enzymes, namely the 

Arabidopsis AtPIP5K5:CFP (Ischebeck et al., 2008) and tobacco mRFP:NtPLDδ3 variants 

(Pejchar et al., 2020). Imaging was performed on 8–10 h old pollen tubes using the 

spinning disk confocal microscope as described above (Plan Apochromat 60× WI objective, 

488 nm laser line excitation, Semrock Brightline 542/27 emission filter). 

For measurements of the total length of NtEXO70A1a membrane signal under various 

conditions, we subtracted the background signal and then manually measured the length 

of the pollen tube membrane covered with the YFP signal in ImageJ.  
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Statistics 

Unless stated otherwise, experimental values were tested for significant differences with 

the agricolae package in R using either Kruskal–Wallis or Welch Anova with Tukey’s post 

hoc comparisons with the Benjamini–Hochberg correction. In the case of two data sets 

comparison the Student’s t-test was used (indicated in figure legends). 

 

Plant material, Molecular cloning, Mass spectrometry analysis, and Phylogenetic analysis 

are described in detail in Supplementary Information (Supplementary Materials and 

Methods). 
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Supplementary Information 

 

SUPPLEMENTARY FIGURES 

 

 

 
 

Figure S1. Alpha-helical Core Exocyst assembly regions (CorEx motifs) are conserved 

among various eukaryotic lineages including plants.  

Multiple sequence alignment of exocyst subunits showing CorEx regions from model 

organisms representing major eukaryotic lineages: Viridiplantae – Arabidopsis thaliana 

(“Atha”), Physcomitrella patens (“Ppat”), Coccomyxa subellipsoidea (“Csub”), Metazoa – 

Mus musculus (“Mmus”), Drosophila melanogaster (“Dmel”), Caenorhabditis elegans 

(“Cele”), Amoebozoa – Dictyostelium discoideum (“Ddis”), Excavata – Trypanosoma brucei 

(“Tbru”), and Fungi – Schizosaccharomyces pombe (“Spom”), Saccharomyces cerevisiae 

(“Scer”). The CorEx motifs are indicated by black lines under each alignment. Alpha-helical 

regions are indicated by red lines above each alignment.  
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Figure S2. Core exocyst subunits from both modules remain associated in Arabidopsis 

exo70a1 mutant cells.  

a) Co-localization of EXO84b:GFP with SEC10b:mRFP and SEC3a:GFP with EXO84b:mRFP in 

root epidermal cells in wild-type and exo70a1 background. Scale bars = 10 µm.  

b) Exocyst subunits co-immunoprecipitated with GFP:SEC8 in an extract from 10-day-old 

exo70a1 seedlings. Numbers are Normalized Spectral Abundance Factor (NSAF) scores that 

suggest a proximity of each exocyst subunit pair within the complex; self-identified SEC8 is 

depicted in color. 
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Figure S3. Multiple endo-

membrane-associated proteins 

localize to the abnormal intra-

cellular structures in exo70a1 

mutant cells.  

a) Recycling endosome-specific 

GFP:RABA5d, TGN/endosome-

specific GFP:RABA2a, and 

Golgi/endosome-specific 

mCherry:RABD2a localize to the 

intracellular structures in the 

exo70a1 mutant background. 

Scale bars = 10 µm.  

b) Cell plate Sec1/Munc18 

protein KEULE:GFP, an exocyst 

interactor, localizes to the 

intracellular structures but keeps 

its cell-plate localization in the 

exo70A1 mutant background. 

Scale bars = 10 µm.  
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Figure S4. Transformation control for EXO70A1 interactions in yeast two-hybrid assay. 

Yeast transformed with constructs bearing the indicated EXO70A1 variants (in the pGBKT 

vector) and SEC3a or EXO84bN (in the pGAD vector) after selection on -LEU -TRP. AD – 

Activating domain; BD – DNA-Binding domain. 

 

 

 

 
 

Figure S5. EXO70A1 Localization to the outer lateral domain is not significantly changed 

after the treatment with fenpropimorph, an inhibitor of sterol synthesis.  

a) GFP:EXO70A1 localization in root epidermal cells after 20h treatment with mock or 

fenpropimorph (50 μg/ml). Scale bars = 10 µm. 

b) The PM association index of GFP:EXO70A1 upon inhibition by fenpropimorph is non-

significantly different (NS) from mock using the Student’s t-test (P = 0.065). Each dataset 

consists of at least 25 cells from 8 different plants. Green bars represent median. 
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Figure S6. Key positively charged residues essential for the interaction of Arabidopsis 

EXO70A1 with anionic phospholipids are conserved in the EXO70A protein subfamily 

within Streptophyta. 

Multiple sequence alignment of the C-terminus of EXO70A isoforms from a wide 

taxonomic selection of plant species showed that the lysine residues crucial for the 

membrane binding are conserved across all included species. In some cases, lysine 

residues are replaced by arginine residues. Asterisks mark the key residues (K393, K462, 

K549, K607, K611).  

Arabidopsis thaliana (“Atha”), Nicotiana tabaccum (“Ntab”), Vitis vinifera (“Vvin”), Oryza 

sativa (“Osat”), Brachypodium distachyon (“Bdis”), Amborella trichopoda (“Atri”), Picea 

abies (“Pabi”), Selaginella moensis (“Smoe”), Physcomitrella patens (“Ppat”), Marchantia 

polymorpha (“Mpol”), Klebsormidium nitens (“Knit”). 
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Figure S7. Molecular dynamics simulations revealed that the key residues implicated in 

the EXO70A1-membrane interaction have distinct preferences towards PM anionic 

phospholipids.  

The color scale indicates the mean number of EXO70A1-phosphate contacts computed for 

different anionic phospholipids that were mapped onto the EXO70A1 protein structure. 

The solvent-excluded surface is shown in a transparent representation. 
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Figure S8. Purification of recombinant wild-type and point-mutated GST:EXO70A1 

proteins and lipid-binding assays with large unilamellar vesicles. 

a) Recombinant wild-type and point-mutated GST:EXO70A1 proteins purified from E. coli 

lysates. Non-induced control (N), induced expression (I), membrane fraction in pellet after 

lysis, sonication and centrifugation (P), soluble fraction used as input to the GST-sepharose 

column (S), flow through fraction from the column (F), marker (M), elution fractions (E1, 

E2, E3). Elution fractions E2 were used for lipid-binding assays.  

b) Co-sedimentation lipid-binding assays with LUVs containing phospholipids in indicated 

fractions After sedimentation, proteins in supernatants (S) and pellets (P) were subjected 

to SDS-PAGE on 10% polyacrylamide gel with 3 μl and 5 μl load, respectively, and stained 

with Coomassie Blue. Regions in blue rectangles correspond to images shown in Fig. 6b 

and e. 
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Figure S9. The range of phenotype of exo70A1 mutants expressing GFP:EXO70A1-5xK/E. 

Six-week-old homozygous exo70A1 mutants expressing GFP:EXO70A1-5xK/E exhibit 

different extent of complementation. A wild-type plant and a non-transformed exo70A1 

homozygote are displayed for reference. 

 

 
 

 



71 
 

Figure S10. Mutations of the key lysine residues in tobacco EXO70A1a impair the 

capability to bind the plasma membrane.  

a) Schematic representations of WT and point-mutated (5xK/E) YFP-tagged NtEXO70A1a.  

b) Subcellular localizations of the WT and point-mutated (5xK/E) YFP-tagged NtEXO70A1a 

in growing tobacco pollen tubes under three different conditions. YFP:NtEXO70A1a 

showed more extended enrichment at the apical PM when the levels of PA or PIP2 were 

increased by overexpression of PLDδ3 or PIP5K5, respectively. In contrast, the point-

mutated YFP:NtEXO70A1a-5xK/E showed no PM binding at any condition. Typical images 

are shown. PM and cytoplasmic YFP fluorescence was measured within the marked area. 

Scale bars = 10 µm.  

c) The PM association index of YFP:NtEXO70A1a and YFP:NtEXO70A1a-5xK/E in control 

cells and cells expressing PLDδ3 or PIP5K5. Green bars indicate median and distinct letters 

denote statistically different groups at 0.05 significance level. At least 15 pollen tubes in 

two independent experiments were quantified for each combination. 
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Table S1. List of the primers used for preparation of new constructs in this study.  

 

Insert Forward primer (F) Reverse primer (R) Cloning sites Target vector 

pSEC3a GGGGACAACTTTGTA

TAGAAAAGTTGAATT

TCTCTGTCTCTACTCT

CTAATATTT 

GGGGACTGCTTTTTT

GTACAAACTTGATGT

TGTTGTTGCGGATC 

attB4, attB1r pDONR P4-P1R 

SEC3a GGGGACAAGTTTGT

ACAAAAAAGCAGGC

TATGGCGAAATCAA

GCGC 

GGGGACCACTTTGTA

CAAGAAAGCTGGGTA

CATGGAAGCCAGAA

GTCC 

attB1, attB2 pDONR221 

pSEC15b GCGATTGCTTTTTGC

CATGC 

TGTTTTATCTCCGATT

AGGTATAAAGC 

TOPO 

cloning  

pENTR 5´-TOPO 

SEC15b GGGGACAGCTTTCTT

GTACAAAGTGGCTAT

GCAATCGTCGAAAG

GAC 

GGGGACAACTTTGTA

TAATAAAGTTGCTTC

AGCTCACATCTTTCAA

TCTC 

attB2r, attB3 pDONR P2R-P3  

EXO70A1 

full-length 

ATCACTAGTATGGCT

GTTGATAGC 

TATACTAGTTTACCG

GCGTGGTTCATT 

SpeI, SpeI pBAR1:GFP 

EXO70A1  

-BCD 

ATAACTAGTAGTAAA

GCGGTGGAGCC 

TATACTAGTTTACCG

GCGTGGTTCATT 

SpeI, SpeI pBAR1:GFP 

EXO70A1  

--CD 

TACTGGATCCAAAGG

GAAAGCATGC 

TAATGGATCCTTACC

GGCGTGGTTC 

BamHI, 

BamHI 

pBAR1:GFP 

EXO70A1 

ABC- 

ATCACTAGTATGGCT

GTTGATAGC 

TACACTAGTTTAGCCT

AACAAATCCTT 

SpeI, SpeI pBAR1:GFP 
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EXO70A1 -

BCD 

ATGAATTCAGTAAAG

CGGTGGAGCCTG 

ATGTCGACTACCGGC

GTGGTTCATT 

EcoRI, SalI pGBKT7 

EXO70A1 

ABC- 

ATGAATTCGCCATGG

CTGTTGATAGCAGA 

ATGTCGACTAGCCTA

ACAAATCCTTGGC 

EcoRI, SalI pGBKT7 

EXO70A1 

AB-- 

ATGAATTCGCCATGG

CTGTTGATAGCAGA 

ATGTCGACTACCCTTT

GAAAATTGTCTCAAT

C 

EcoRI, SalI pGBKT7 

EXO70A1  

--CD 

ATGAATTCAAAGGG

AAAGCATGCCTCGAA

ATTA 

ATGTCGACTACCGGC

GTGGTTCATT 

EcoRI, SalI pGBKT7 

EXO70A1 

Δ69 

ACGGAATTCTTAAGG

CTGCTGAAGTTATTT

TG 

TAGTCGACTTACCGG

CGTGGTTCATTC 

EcoRI, SalI pGEX4T-2 

EXO70A1 

Δ69 5xK/E 

ACGGAATTCTTAAGG

CTGCTGAAGTTATTT

TG 

TAGTCGACTTACCGG

CGTGGTTCATTC 

EcoRI, SalI pGEX4T-2 

 

 

Table S2. List of the primers used for mutagenesis of AtEXO70A1 and NtEXO70A1a.  

 

Arabidopsis 

EXO70A1-5xK/E 

Primer sequence 

At-A1N-SpeI ATACTAGTGCCATGGCTGTTGATAGCA 

At-A1m-1 CTGTTGAGAAAGATGCTACAGAGACTGCTGTTCTAGATGGA 

At-A1m-2 CGGAAAATCGAAACAGTACGAAGATCCTGCATTGACAC 

At-A1m-3 TGGAGTTTCAAGAGGATTATTAGAAGAGAGGTTCAAGATGTTC 

At-A1m-45 CTTTGGTTGAGAGTGGGGCGAATCCTCAGGCATACATAAAGTATACAGCTGAA

GA 

At-A1C-SpeI TATACTAGTTTACCGGCGTGGTTCATT 

tobacco 

EXO70A1a-

5xK/E 

Primer sequence 

Nt-A1N-NgoMIV TAGCCGGCATGGGTATGCCAAGAAACAC 

Nt-A1m-1 CTGTCGAGAAAGATGCAACCGAGACCGCCGTATCAGATGG 

Nt-A1m-2 GGAACAAGTTAGTAAGAGCTGGATCCTCATACTGCTTAGATTTCCCATCCA 

Nt-A1m-3 GGAGTTTCAAGAGCGCTTGTAGAGGAAAGGTTGAAGACTTTCAATATTCA 

Nt-A1m-45 GCCAATGGTTGAGAATGGTGAGAATCCCCAAGAGTATATCAGGTACTCGGCT

GAAGAT 

Nt-A1C-ApaI TAGGGCCCTCATCGTTTTGGCTCATTC 

Scheme of PCR 

reactions 

Step 1: A1m-1 + A1m-2 

Step 2: A1m-45 + A1C  

Step 3: A1m-3 + product from step 2 

Step 4: product from step 1 + product from step 3 

Step 5: product from step 4 + A1N 
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SUPPLEMENTARY MATERIALS AND METHODS  

 

Plant material 

The following published Arabidopsis mutant lines in the Col-0 background were used in 

this study: exo70a1-2 (SALK_135462; Synek et al., 2006), exo84b-1 (GABI_459C01; 

Fendrych et al., 2010), sec3a-1 (GABI_652H12; Bloch et al., 2016) and the pip5k1 pip5k2 

double mutant (SALK_146728, SALK_012487; Ischebeck et al., 2013). Primers used for their 

genotyping were the same as in the original studies. 

 For exocyst localization experiments, the following published Arabidopsis lines 

were employed: pSEC6::SEC6:GFP, pSEC8::GFP:SEC8 and pEXO84b::EXO84b:GFP (Fendrych 

et al., 2010), pSEC10a::SEC10a:GFP and pSEC10b::SEC10b:mRFP (Vukašinović et al., 2017), 

and p35S::GFP:EXO70A1 (Drdová et al., 2013). The organelle Wave marker lines (Geldner 

et al., 2009) expressing fluorescently-tagged RAB proteins were obtained from NASC. 

DRP1C:mOrange was obtained from the laboratory of Prof. Sebastian Bednarek (UW, USA). 

KEULE:GFP was obtained from the laboratory of Dr. Farhah Assaad (TUM, Germany).  

In addition, we prepared new lines expressing GFP-tagged exocyst subunits: 

constructs pSEC3a::SEC3a:GFP, pSEC15b::GFP:SEC15b were introduced into the 

Arabidopsis Col-0 background; construct bearing truncated EXO70A1 variants 

p35S::GFP:EXO70A1-ABC, p35S::GFP:EXO70A1-BCD, p35S::GFP:EXO70A1 --CD, 

p35S::GFP:EXO70A1-(5x)K/E into the exo70a1 background using the Agrobacterium-

mediated transformation (Clough and Bent, 1998).  

 

Mass spectrometry analysis 

Proteins were separated in a 12% mini SDS-PAGE and subjected to in-gel trypsin digestion. 

Peptides were identified using UHPLC Dionex Ultimate 3000 RSLC nano (Dionex) connected 

to the mass spectrometer ESI-Q-TOF Maxis Impact (Bruker). Linear gradient of acetonitrile 

(3-35%, 30 min) was used to release peptides from C18 reverse phase column (Acclaim 

PepMap RSLC C18, 75 μm x 150 mm, 2 μm particle size) with 0.3 μl/min flow rate. Mass 

spectrometry measurements were carried out in the positive ion mode with precursor ion 

selection in the range of 400 to 1,400 mass-to-charge ratio; up to five precursor ions were 

selected for fragmentation from each MS spectrum. MS/MS spectra were recorded in the 

range of 50-2200 m/z. Raw data were processed by Data Analysis 4.1 and Proteinscape 

(Bruker Daltonics). For protein identification, the Mascot server (version 2.4.1; Matrix 

Science) was used. Carbamidomethylation of cysteines and oxidation of methionines was 

set as fixed and variable modifications, respectively. Tolerations of 10 ppm and 0.05 Da 

were used in MS and MS/MS mode, respectively, with one allowed trypsin mis-cleavage. A 

Mascot decoy search was used to control false discovery rate, which was set to 1%. 

Calculation of NSAF was performed as described (Zybailov et al., 2006). 

 

Molecular cloning 

The following constructs were prepared for in this study. All primers are listed in Table S1. 
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Constructs for localization of exocyst subunits and mutant EXO70A1 variants in Arabidopsis 

To prepare pSEC3a::SEC3a:GFP, we PCR-amplified separately the SEC3a (At1g47550) 

coding sequence (using the SEC3a-F/SEC3a-R primers) and SEC3a promoter (using pSEC3a-

F/pSEC3a-R primers) and introduced them into pDONRTM 221 and pDONRTM P4-P1R, 

respectively, using the BP Clonase Enzyme mix (Invitrogen). The final construct was 

assembled from these two plasmids and the pEN-R2-F-L3 vector (containing GFP) (Karimi 

et al., 2007) into the pB7m34GW destination vector (Karimi et al., 2002) using the LR 

Clonase II Plus enzyme (Invitrogen).  

To prepare pSEC15b::GFP:SEC15b, we amplified the SEC15b promoter (using the 

pSEC15b-F/pSEC15b-R primers) and prepared the entry clone using pENTRTM 5´-TOPO®TA 

Cloning® Kit (Invitrogen). Then, we amplified the SEC15b coding sequence (At4g02350) 

(using the SEC15b-F/SEC15b-R) primers and introduced it into pDONRTM P2R-P3 using the 

BP Clonase Enzyme mix (Invitrogen). The final construct was assembled from the two entry 

plasmids and the pEN-L1-F-L2 vector (containing GFP) (Karimi et al., 2007) into the 

pB7m34GW destination vector (Karimi et al., 2002) using LR Clonase II Plus enzyme 

(Invitrogen).  

 The truncated (ABC-, -BCD, --CD) variants of p35S::GFP:EXO70A1 were prepared 

similarly as described previously for full-length EXO70A1 (Drdová et al., 2013). Briefly, the 

coding sequence of EXO70A1 (At5g03540) was amplified with primers containing SpeI sites 

and inserted into the XbaI site of the modified pBAR1 vector containing GFP upstream of 

the polylinker. The point-mutated EXO70A1-5xK/E was generated by a series of PCR 

reactions using intermediate PCR products as megaprimers for subsequent PCR reactions – 

a work scheme and the primers are included in Table S2. Nucleotide and protein 

sequences of the truncated and point-mutated EXO70A1 variants are listed in File S1.  

 

Constructs for the transient EXO70A1 expression in tobacco pollen tubes  

The point-mutated NtEXO70A1a-5xK/E was generated analogically to the Arabidopsis 

variant, but using YFP:NtEXO70A1a (Sekereš et al., 2017) as a template. The final PCR 

product was introduced into the pWEN240 vector (Klahre et al., 2006) using NgoMIV and 

ApaI sites. A work scheme and primers are included in Table S2. 

 

Constructs for the yeast two hybrid assay 

Coding sequences of truncated EXO70A1 variants (AB--, ABC-, -BCD, and --CD) were PCR-

amplified with a STOP codon using EcoRI and SalI restriction sites similarly to full-length 

EXO70A1 prepared earlier (Hála et al., 2008) and inserted into the pGBKT7 vector 

(Clontech) to produce GAL4 Binding domain fusions with the EXO70A1 variants (sequences 

are listed in File S1). SEC3a and the N-terminal part of EXO84b in the pGAD vector were 

prepared previously (Fendrych et al., 2010; Hála et al., 2008). The MATCHMAKER GAL4 

Two-Hybrid System 3 (Clontech) was used following the manufacturer’s protocol.  

 

Constructs for GST:EXO70A1 expression  

Coding sequences of wild-type and point-mutated EXO70A1, respectively, lacking the N-

terminus encoding the first 69 amino acids were cloned into the pGEX4T-2 vector using 

EcoRI and SalI restriction sites to generate GST:EXO70A1 gene fusions (sequences are 

listed in File S1)  
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Phylogenetic analysis 

Eukaryotic EXO70 protein sequences were identified by gapped BLAST or PSI-BLAST 

(Altschul et al., 1997) searching against the non-redundant protein database (NCBI, 

www.ncbi.nlm.nih.gov) using Arabidopsis, yeast and mouse annotated sequences with 

default settings. In addition, blast searches were conducted via Phytozome 

(phytozome.jgi.doe.gov) and Congenie (congenie.org) websites. In most cases, the search 

parameters were set at the default values; occasionally, modifications were used (word 

size 2, scoring matrix BLOSUM-45). Multiple alignments were constructed with Mafft 

software (Katoh et al., 2013) in EINSI mode. Alignment adjustments and secondary 

structure predictions were performed in Jalview (Waterhouse et al., 2009). EXO70A 

orthologues were determined based on maximum likelihood phylogeny analysis of total 

EXO70 dataset, using PhyML (Guindon et al., 2010) with LG+I+G+F model.  

 

 

SUPPLEMENTARY INFORMATION REFERENCES 

 

Synek, L., et al. (2006). AtEXO70A1, a member of a family of putative exocyst subunits specifically 

expanded in land plants, is important for polar growth and plant development. Plant J 48: 54–

72. 

Fendrych, M., et al. (2010). The Arabidopsis Exocyst Complex Is Involved in Cytokinesis and Cell 

Plate Maturation. Plant Cell 22: 3053–3065. 

Ischebeck, T., et al. (2013). Phosphatidylinositol 4,5-Bisphosphate Influences PIN Polarization by 

Controlling Clathrin-Mediated Membrane Trafficking in Arabidopsis. Plant Cell 25: 4894–4911. 

Vukašinović, N., et al. (2017). Microtubule-dependent targeting of the exocyst complex is necessary 

for xylem development in Arabidopsis. New Phytol 213: 1052–1067. 

Drdová, E.J., et al. (2013). The exocyst complex contributes to PIN auxin efflux carrier recycling and 

polar auxin transport in Arabidopsis. Plant J 73: 709–719. 

Geldner, N., et al. (2009). Rapid, combinatorial analysis of membrane compartments in intact 

plants with a multicolor marker set. Plant J 59: 169–178. 

Clough, S.J. and Bent, A.F. (1998). Floral dip: a simplified method for Agrobacterium -mediated 

transformation of Arabidopsis thaliana. Plant J 16: 735–743. 

Zybailov, B., et al. (2006). Statistical Analysis of Membrane Proteome Expression Changes in 

Saccharomyces cerevisiae. J Proteome Res 5: 2339–2347. 

Karimi, M., Bleys, A., Vanderhaeghen, R., and Hilson, P. (2007). Building blocks for plant gene 

assembly. Plant Physiol 145: 1183-1191.  

Karimi, M., Inzé, D., and Depicker, A. (2002). GATEWAYTM vectors for Agrobacterium-mediated 

plant transformation. Trends Plant Sci 7: 193–195. 

Sekereš, J., et al. (2017). Analysis of Exocyst Subunit EXO70 Family Reveals Distinct Membrane Polar 

Domains in Tobacco Pollen Tubes. Plant Physiol 173: 1659–1675. 

Klahre, U., Becker, C., Schmitt, A.C., and Kost, B. (2006). Nt-RhoGDI2 regulates Rac/Rop signaling 

and polar cell growth in tobacco pollen tubes. Plant J 46: 1018–1031. 

http://www.ncbi.nlm.nih.gov/
http://phytozome.jgi.doe.gov/
http://congenie.org/


76 
 

Hála, M., et al. (2008). An Exocyst Complex Functions in Plant Cell Growth in Arabidopsis and 

Tobacco. Plant Cell 20: 1330–1345. 

Zhang, C., et al. (2016). Endosidin2 targets conserved exocyst complex subunit EXO70 to inhibit 

exocytosis. Proc Natl Acad Sci 113: E41–E50. 

Moore, B.A., Robinson, H.H., and Xu, Z. (2007). The Crystal Structure of Mouse Exo70 Reveals 

Unique Features of the Mammalian Exocyst. J Mol Biol 371: 410–421. 

Hamburger, Z.A., Hamburger, A.E., West, A.P., and Weis, W.I. (2006). Crystal Structure of the S. 

cerevisiae Exocyst Component Exo70p. J Mol Biol 356: 9–21. 

Altschul, S.F., et al. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein database 

search programs. Nucleic Acids Res 25: 3389–3402. 

Katoh, K., and Standley, D.M. (2013). MAFFT Multiple Sequence Alignment Software Version 7: 

Improvements in Performance and Usability. Mol Biol Evol 30: 772–780. 

Waterhouse, A.M., Procter, J.B., Martin, D.M.A., Clamp, M., and Barton, G.J. (2009). Jalview 

Version 2—a multiple sequence alignment editor and analysis workbench. Bioinformatics 25: 

1189–1191. 

Guindon, S., et al. (2010). New Algorithms and Methods to Estimate Maximum-Likelihood 

Phylogenies: Assessing the Performance of PhyML 3.0. Syst Biol 59: 307–321. 

  



77 
 

3.3. PAPER No. 3 

 

Vedrana Marković, Ivan Kulich, Viktor Žárský 

 

Functional redundancy of EXO70A1 and EXO70B1 with other isoforms of the EXO70 

family in Arabidopsis 

 

International Journal of Molecular Sciences (2021), submitted 

 

 

Summary 

 

Localized delivery of plasma-membrane and cell-wall components is a crucial process for 

plant cell growth. One of the regulators of secretory-vesicle targeting is the exocyst 

tethering complex. The exocyst mediates first interaction between transport vesicles and 

the target membrane before their fusion is performed by SNARE proteins. In land plants, 

genes encoding the EXO70 exocyst subunit underwent an extreme proliferation with 23 

paralogs present in the Arabidopsis genome. These paralogs often acquired specialized 

functions during evolution. Here, we analyzed functional divergence of selected EXO70 

paralogs in Arabidopsis. Performing a systematic cross-complementation analysis of 

exo70a1 and exo70b1 mutants, we found that EXO70A1 was functionally substituted only 

by its closest paralog, EXO70A2. In contrast, none of the EXO70 isoforms tested was able 

to substitute EXO70B1, including its closest relative, EXO70B2, pointing to an unique 

function of this isoform. Presented results document a high degree of functional 

specialization within the EXO70 gene family in land plants. 
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Abstract 

Localized delivery of plasma-membrane and cell-wall components is a crucial process for 

plant cell growth. One of the regulators of secretory-vesicle targeting is the exocyst 

tethering complex. The exocyst mediates first interaction between transport vesicles and 

the target membrane before their fusion is performed by SNARE proteins. In land plants, 

genes encoding the EXO70 exocyst subunit underwent an extreme proliferation with 23 

paralogs present in the Arabidopsis genome. These paralogs often acquired specialized 

functions during evolution. Here, we analyzed functional divergence of selected EXO70 

paralogs in Arabidopsis. Performing a systematic cross-complementation analysis of 

exo70a1 and exo70b1 mutants, we found that EXO70A1 was functionally substituted only 

by its closest paralog, EXO70A2. In contrast, none of the EXO70 isoforms tested was able 

to substitute EXO70B1, including its closest relative, EXO70B2, pointing to an unique 

function of this isoform. Presented results document a high degree of functional 

specialization within the EXO70 gene family in land plants. 
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Abbreviations 

GFP – green fluorescent protein 

PM – plasma membrane 

WT – wild type 

PIP2 – phosphatidylinositol 4,5-bisphosphate 

CDS – coding sequence 

 

INTRODUCTION 

 

The exocytosis is an essential process in all eukaryotic cells, when secretory vesicles fuse 

with the plasma membrane (PM) and deliver various cargo to the PM or extracellular 

space. In eukaryotic organisms having cell walls, the exocytosis underlies their cell 

morphogenesis, because it plays a crucial role in assembly of the cell wall by delivering 

some of its components. The delivery of such cargo in secretory vesicles is often restricted 

to specific sites at the PM, resulting in polarized secretion.  

One of the fundamental regulators of polarized secretion is the exocyst tethering 

complex (Novick et al., 1980; TerBush et al., 1996; Guo et al., 1999). The exocyst localizes 

to sites of intensive secretion, where it facilitates an initial interaction between the 

secretory vesicle and plasma membrane prior to the final SNARE-mediated vesicle-

membrane fusion. Controlled by small GTPases, the exocyst provides the spatio-temporal 

specificity to the targeting of secretory vesicles. The exocyst is an evolutionary conserved 

protein complex which consists of eight subunits – Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, 

Exo70, and Exo84 (TerBush et al., 1996; Guo et al., 1999). In yeast and animals, each 

exocyst subunit is typically encoded by a single gene, but in land plants, exocyst genes are 

usually duplicated or even multiplied (Eliáš et al., 2003; Cvrčková et al., 2012). Especially, 

the EXO70 gene underwent an extreme proliferation, generating 13 EXO70 paralogs in the 

genome of Physcomitrella patens, 47 paralogs in Oryza sativa, and 23 paralogs in 

Arabidopsis thaliana (Cvrčková et al., 2012).  

The EXO70 gene family of land plants originated from three ancient EXO70 

paralogs and can be classified into three ancestral subfamilies – termed EXO70.1, 

EXO70.2, and EXO70.3 (Cvrčková et al., 2012). The EXO70.1 subfamily, consisting 

exclusively of EXO70A isoforms, is engaged in the canonical exocyst function in polarized 

exocytosis, which is important for polar growth and cell wall biogenesis. In Arabidopsis, 

EXO70.1 comprises three members – EXO70A1, EXO70A2 and EXO70A3. The best 

described member of the EXO70A clade is EXO70A1 that localizes to the PM domains with 
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high secretion (e.g. outer lateral PM of root epidermal cells) (Fendrych et al., 2010 and 

2013). As shown previously, exo70a1 mutant plants exhibit pleiotropic morphological 

defects such as loss of apical dominance, dwarfish appearance and sterility (Synek et al., 

2006). Moreover, exo70a1 mutants exhibit decreased PIN transporter recycling (Drdová et 

al., 2013; Tan et al., 2016), slower root cell elongation (Cole et al., 2014), compromised 

root hair growth (Wen et al., 2005; Synek et al., 2006), defective Casparian strips 

(Kalmbach et al., 2017), and thinner, collapsed xylem secondary cell wall (Li et al., 2013; 

Vukašinović et al., 2017). Analogous to EXO70A1 in the sporophyte, its closest paralog, 

EXO70A2, is engaged in the regulation of exocytosis in the male gametophyte (Marković 

et al., 2020; Beuder et al., 2020). Mutants in EXO70A2 are characterized by defects in 

pollen grain maturation, germination, and pollen tube growth (Marković et al., 2020; 

Beuder et al., 2020). The EXO70A3 gene plays a putative role in modulation of auxin-

controlled root development by acting on the PIN4 distribution (Ogura et al., 2019). 

In contrast, the EXO70.2 subfamily is the most evolutionary dynamic, comprises 

six clades, namely, EXO70B, C, D, E, F, and H, which are involved in non-canonical exocyst 

functions or act independently of the exocyst complex (Žárský et al., 2020). The best 

characterized clade is EX070B, comprising two paralogs in Arabidopsis. EXO70B1 plays a 

role in autophagy-related transport to the vacuole, stomatal regulation and defence 

(Kulich et al 2013; Hong et al., 2016; Zhao et al., 2015). Mutants lacking EXO70B1 

accumulate decreased amounts of autophagic bodies in the vacuole, are hypersensitive to 

nitrogen starvation, and show compromised accumulation of anthocyanins (Kulich et al., 

2013). EXO70B1, as a part of an exocyst subcomplex containing EXO84b and SEC5a, 

colocalized with anthocyanins and autophagy marker ATG8f inside the vacuole, suggesting 

its function in autophagy-related anthocyanin transport to the vacuole (Kulich et al., 

2013). EXO70B2 acts in regulation of innate immunity. Mutants in EXO70B2 showed 

abnormal papillae formation upon Blumeria graminis infection and enhanced 

susceptibility to different elicitors and pathogens (Pečenková et al., 2011; Stegman et al., 

2012).  

Two closely related members of the EXO70C clade, EXO70C1 and EXO70C2, are 

expressed in root trichoblast cells and in pollen, typically show cytoplasmic localization, 

and negatively regulate polar growth of pollen tubes independently of the exocyst 

complex (Synek et al., 2017). A recent study demonstrated that members of the EXO70D 

clade mediate selective autophagic degradation of type-A ARR proteins to regulate 

cytokinin sensitivity (Acheampong et al., 2020). A member of the EXO70E clade, EXO70E2, 
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was found in double membrane structures resembling autophagosomes that were named 

as EXPOs (exocyst-positive organelles) and proposed to be exported out of the cell in an 

exosome-like manner (Wang et al., 2010; Ding et al., 2014). The EXO70F clade is still 

awaiting its detailed characterization. However, this clade underwent massive 

evolutionary expansion in monocots, where it is involved in plant defence (Ostertag et al., 

2013; Fujisaki et al., 2015). The best characterized member of the EXO70H clade is 

EXO70H4 that regulates polarized callose deposition during secondary thickening of the 

cell wall in Arabidopsis trichomes (Kulich et al., 2015; Kulich et al., 2018). EXO70H1 has  

a role in plant defence. Plants lacking EXO70H1 exhibit enhanced susceptibility towards 

Pseudomonas syringae (Pečenková et al., 2011). 

The third subfamily, EXO70.3, comprises EXO70G and EXO70I clades, with EXO70I 

being lost in Brassicaceae. So far only the EXO70I clade was partly characterized in 

Medicago trunculata, where it is involved in the formation of the periarbuscular 

membrane subdomain during arbuscular mycorrhizal symbiosis (Zhang et al., 2015).  

The high number and diversity of plant specific EXO70 paralogs, sharing 26% to 72% 

identity at the protein level, points to their functional specialization (Synek et al., 2017; 

Žárský et al., 2020). While EXO70C1 and EXO70C2 are highly redundant (Synek et al., 

2017), EXO70H4 could not be substituted by any other EXO70 tested (Kulich et al., 2018). 

Double mutants exo70a1/exo70b1 exhibited additive phenotypes of the respective single 

mutants, indicating a minimal functional overlap of these two isoforms (Kulich et al., 

2013). Here, we provide further evidence of the functional divergence between EXO70 

isoforms in Arabidopsis by performing a systematic cross-complementation analysis of 

exo70a1 and exo70b1 mutants with representatives of most clades of the three EXO70 

subfamilies.  
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RESULTS  

 

EXO70A1 can be functionally substituted only by EXO70A2 in Arabidopsis  

 

To investigate the functional relationship of EXO70A1 to other EXO70 isoforms in 

Arabidopsis, we performed a systematic cross-complementation analysis using the 

exo70a1 knock-out mutant. We subcloned representatives from most EXO70 clades that 

are significantly expressed in roots (EXO70A1, A2, B1, B2, C1, D2, F1, H1 and H7), 

generating a series of constructs for stable expression of these EXO70s under control of 

the EXO70A1 promoter and tagged with GFP (EXO70A1p::GFP:EXO70). The constructs 

were transformed into exo70a1 heterozygous mutants. Then, we assessed the capacity of 

each EXO70 to complement the loss of the EXO70A1 function in homozygous exo70a1 

mutants. In parallel, we analyzed their localization in root cells, where the EXO70A1 

promoter is predominantly active, of 5-day-old wild-type (control) plants and homozygous 

exo70a1 mutant plants.  

We found that unlike EXO70A2 and EXO70A1 itself, no other EXO70 tested was able 

to rescue the morphological defects of exo70a1, as demonstrated by measurement of 

primary root length in young seedlings in vitro and by general morphology of mature 

plants in soil (Fig. 1). In root epidermal cells of both exo70a1 and WT plants, EXO70A2 

localized identically to EXO70A1 – partly in the cytoplasm and predominantly at the PM, 

with a typical enrichment at the outer lateral domain (Fig. 2).  EXO70B1 showed a strong 

signal along the entire PM, but without the enrichment at the outer lateral PM domain, 

while EXO70B2, C1, D2, F1, H1, and H7 accumulated mostly in the cytoplasm with a weak 

distribution along the PM (Fig. 2). However, in the exo70a1 background, these isoforms, 

including EXO70B1, were localized in distinct intracellular aggregates (Fig. 3) and the PM 

localization was almost completely lost as shown by quantification of the PM to cytoplasm 

GFP-fluorescence ratio (Fig. S1). Interestingly, these structures appeared in all root zones 

for EXO70B2, C1, F1, H1, and H7, but were much more abundant above the meristematic 

zones for EXO70B1 and D2. Using membrane staining with the FM4-64 dye, we revealed 

that the structures represent a sort of endomembrane compartments (Fig. S2).  

We conclude that among the EXO70 isoforms tested, only EXO70A2 has a potential 

to functionally substitute for EXO70A1 in the sporophyte.  
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Figure 1. Complementation analysis of exo70a1 mutant plants expressing different 

EXO70 isoforms. 

A) Representative images of 4-week-old plants expressing indicated GFP-tagged EXO70 

isoforms under the control of EXO70A1 promoter. WT and exo70a1 are displayed as 

controls.  Scale bars = 2cm. 

B) Measurement of primary root lengths in 5-day-old seedlings of WT and exo70a1 

mutants. A1 to H7 indicate GFP-tagged EXO70 isoforms expressed in exo70a1 mutants 

under the control of EXO70A1 promoter. Bars are SD; each column represents a mean of 

at least 20 roots. Letters a, b denote statistically different groups calculated by ANOVA at 

a 0.01 significance level. 
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Figure 2. Localization of different EXO70 isoforms in the wild-type background. 

Representative images of 7-day-old seedlings expressing GFP-tagged EXO70 isoforms 

under the control of the EXO70A1 promoter in wild-type background. Root regions from 

the meristematic to the elongation zone were imaged consistently. Scale bars = 20 µm. 
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Figure 3. Localization of different EXO70 isoforms in the exo70a1 mutant background. 

Representative images of 7-day-old seedlings expressing GFP-tagged EXO70 isoforms 

under the control of the EXO70A1 promoter in the exo70a1 background. Root regions 

from the meristematic to the elongation zone were imaged consistently. Scale  

bars = 20 µm. 
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EXO70B1 is a highly specialized EXO70 isoform with no functionally redundant paralogs 

 

To explore the functional specificity of EXO70B1, we performed the cross-

complementation analysis as above for EXO70A1. In this case, representatives from other 

EXO70 clades (EXO70A1, A2, B1, B2, C1, D2, F1, and H7) were fused with the EXO70B1 

promoter and the GFP gene. Generated constructs (EXO70B1p::GFP:EXO70) were then 

transformed into homozygous exo70b1 mutants. Subsequently, we observed whether 

expressed EXO70 paralogs were able to rescue the early senescence and anthocyanin 

accumulation defect of the exo70b1 mutant (Kulich et al., 2013). We also analyzed their 

localization patterns in cotyledons, where EXO70B1 promoter is predominantly active.  

First, we performed a phenotypic analysis of one-month-old plants, because at this 

point exo70b1 mutants develop the early senescence phenotype characterized by the 

presence of small spontaneous leaf lesions (Kulich et al., 2013). Among the EXO70s tested, 

only EXO70B1 itself was able to rescue the early senescence phenotype of exo70b1 (Fig. 

4A). Second, we induced anthocyanin synthesis in one-month-old plants, extracted leaf 

pigments after another month and assessed the content of anthocyanins. Apart from 

EXO70B1, no other EXO70 paralog could restore the anthocyanin accumulation defect in 

the exo70b1 mutant (Fig. 4 B, C), suggesting that the function of EXO70B1 is highly specific 

for this process.  

Finally, we investigated the localization patterns of GFP-tagged EXO70 isoforms 

under control of the EXO70B1 promoter in cotyledons of 7-day-old exo70b1 mutant 

seedlings. EXO70C1 and EXO70D2 showed only cytoplasmic localization in abaxial 

epidermal cells. However, all other EXO70 isoforms tested localized partly to the 

cytoplasm and significantly also at the PM to distinct foci (Fig. 5A). This localization 

pattern was comparable to that of EXO70A1p::GFP:EXO70A1 (in the exo70a1 mutant 

background), which represents a typical pattern of exocyst subunits (Fendrych et al., 2013; 

Marković et al., 2020).  

In conclusion, our data showed that EXO70B1 acquired a unique function within the 

EXO70 family that is highly specific for autophagy-related transport to the vacuole. 
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Figure 4. Complementation of exo70b1 mutant plants by different EXO70 isoforms. 

A) One-month-old Arabidopsis plants of wild type and exo70b1, which express indicated 

GFP-tagged EXO70 isoforms under control of the EXO70B1 promoter. EXO70B1 was the 

only EXO70 isoform able to complement the early senescence phenotype of exo70b1. 

Scale bar = 2 cm.  

B) EXO70B1 is the only EXO70 isoform able to complement the anthocyanin accumulation 

defect in the exo70b1 mutant. Scale bar = 2 cm.  

C) Quantification of absorbance by the pigments extracted from leaves in B. Bars are SD; 

each column represents 20 mg of leaves collected from five plants; letters denote 

statistically different groups calculated by ANOVA at a 0.01 significance level. 
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Figure 5. Localization of different EXO70 isoforms in abaxial epidermis in exo70b1 

mutant cotyledons.  

A) Representative images of epidermal cells in 7-day-old cotyledons expressing GFP-

tagged EXO70 isoforms under control of the EXO70B1 promoter in the exo70b1 

background. Cells were imaged in their medial and cortical planes; the cortical plane 

includes the PM.  
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B) Representative image of epidermal cells expressing GFP:EXO70A1 under control of the 

EXO70A1 promoter in the exo70a1 background used as a positive control.  

Scale bars for medial and cortical sections are 20 µm and 10µm, respectively. Magenta 

channel represents chlorophyll autofluorescence. 

 

 

DISCUSSION 

 

The interesting aspect of the plant exocyst is the enormous evolutionary proliferation of 

the gene family encoding the EXO70 subunit. Increased number of EXO70 paralogs in 

plants and their differential expression opens an important question of their functional 

redundancy. Here, we focused on the functional redundancy of EXO70A1 and EXO70B1, 

respectively, with their paralogs from other EXO70 clades. 

We documented that among all EXO70 isoforms tested, only EXO70A2 has the 

ability to functionally substitute EXO70A1 in the sporophyte. This is in agreement with the 

observation that the EXO70A2 disruption profunded the effect of EXO70A1 disruption, 

because seedlings of the exo70a1 exo70a2 double mutant showed more severe 

phenotype than the exo70a1 mutant alone (Marković et al., 2020). These two paralogs 

belong to the EXO70.1 subfamily and share 72% sequence identity at the protein level, 

documenting their close evolutionary relationship. In contrast, EXO70B1, B2, C1, D2, F1, 

H1 and H7 belong to the EXO70.2 subfamily and share only 22% to 32% identity with 

EXO70A1 (Synek et al., 2017). This observation supports our notion that EXO70 paralogs 

from EXO70.2 and EXO70.3 subfamilies gained specific functions diverged from the 

EXO70.1 subfamily (i.e. EXO70A clade). Interestingly, when expressed in pollen, EXO70A1 

was unable to replace EXO70A2 function, possibly due to its inability to bind EXO70A2-

specific protein interactors present in the male gametophyte (Marković et al., 2020).  

EXO70B1, B2, C1, D2, F1, H1 and H7 developed abnormal endomembrane 

compartments in root cells, when expressed in exo70a1 mutant background. Core exocyst 

subunits also aggregated in those structures, indicating the importance of EXO70A1 (and 

EXO70A2) for the exocyst recruitment to the PM (Fendrych et al., 2013; Synek et al., 

submitted). Identity of these compartments is unknown, however they most probably 

represent coalesced secretory and recycling compartments with endosomal and trans-

Golgi identity that contain aberrant exocyst complexes unable to target secretory vesicles 

to the PM (Synek et al., submitted). We also showed that EXO70A1 and EXO70B1 isoforms 

function in different cellular processes, and thus confirmed previous observations by 
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Kulich et al. (2013). These two paralogs share only 32% sequence identity at the protein 

level and belong to evolutionary distant subfamilies (Cvrčková et al., 2012; Synek et al., 

2017). Moreover, even EXO70B2 could not substitute for the EXO70B1 function, even 

though these two are the closest relatives and share 53% sequence identity at the protein 

level. In agreement, exo70b1 exo70b2 double mutants displayed early senescence 

phenotype that was similar to the exo70b1 single mutant, with no synergism observed 

(Stegmann et al., 2013). Contrary, a recent study showed that EXO70B1 and EXO70B2 may 

have partially redundant functions in plant defence, because both paralogs contributed to 

trafficking of the receptor kinase FLAGELLIN SENSING 2 (FLS2) to the PM (Wang et al., 

2020). However, the function of EXO70B1 in anthocyanin transport to the vacuole remains 

to be highly specific for the EXO70B1. Despite the fact that EXO70B1 and EXO70B2 

exhibited the same lipid-binding capacity (Pečenková et al., 2020), it is possible that 

functional divergence of these two paralogs lies within different protein interacting 

partners (Zhao et al., 2015; Sabol et al., 2017). 

Several pairs of closely related paralogs within the EXO70.2 subfamily seem to have 

diversified their functions. For example, two closely related paralogs of the EXO70H clade, 

EXO70H3 and EXO70H4, share 52% sequence identity and most probably function in 

different processes. EXO70H4 was the only EXO70 paralog able to complement the 

trichome callose deposition defect of exo70h4 mutant indicating a unique function of 

EXO70H4 in trichomes (Kulich et al., 2018). EXO70C1 and EXO70C2 paralogs share 38% 

sequence identity and exhibit a limited degree of functional redundancy in pollen. The 

exo70c2 mutant showed drastic pollen-specific transmission defect due to aberrant pollen 

tube growth, unlike exo70c1 mutant. However, disruption of both genes at the same time 

caused a complete pollen-specific transmission defect (Synek et al., 2017). 

In contrast, duplications of SEC5 and SEC10 genes were recent and occurred 

independently in different plant lineages during evolution (Cvrčková et al., 2012). For 

example, the most recently duplicated exocyst subunit isoforms, SEC10a and SEC10b, 

share 99% sequence identity at the protein level, and a mutation in either of them did not 

show any phenotypic defect (Vukašinović et al., 2014). Similarly, SEC5a and SEC5b share 

80% sequence identity and have redundant functions in the pollen tube growth (Hála et 

al., 2008). 

  

https://www.frontiersin.org/articles/10.3389/fpls.2020.00960/full#B69
https://www.frontiersin.org/articles/10.3389/fpls.2020.00960/full#B47
https://paperpile.com/c/YGW0nx/00nn
https://paperpile.com/c/YGW0nx/00nn
https://paperpile.com/c/YGW0nx/0TkV
https://paperpile.com/c/YGW0nx/0TkV
https://paperpile.com/c/YGW0nx/0TkV
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CONCLUSIONS 

 

EXO70A1 was documented to be involved in the canonical function of the exocyst 

complex in regulation of polarized exocytosis, while EXO70B1 acquired a diverged and 

specialized function in autophagy-related transport to the vacuole. Our parallel cross-

complementation assays revealed that out of the EXO70 isoforms tested, only EXO70A2 

provided a redundant function to EXO70A1 in the Arabidopsis sporophyte. The EXO70B1 

function seems to be unique, because no other EXO70 isoform could complement the 

EXO70B1 disruption. Although functions of several EXO70 isoforms remain to be 

uncovered, these results clearly document functional specialization within the EXO70 gene 

family in land plants.  

 

MATERIALS AND METHODS 

 

Plant material and growth conditions 

The Arabidopsis exo70a1-2 (SALK_135462; Synek et al., 2006) and exo70b1-2 (GK-156G02; 

Kulich et al., 2013) lines were described previously. Genotypes of individual plants were 

analyzed by PCR genotyping (for primers see Tab. S1). Seeds were surface sterilized (70% 

ethanol for 3 min, 20% commercial bleach for 5 min, rinsed four times with sterile distilled 

water) and stratified for 2 days at 4°C. Seeds were germinated on vertical MS agar plates 

(one-half-strength Murashige and Skoog medium [Duchefa Biochemie] supplemented 

with 1% sucrose, vitamin mixture, and 1% plant agar [Duchefa Biochemie]) at 22°C under 

long-day conditions (16 h light/8 h dark cycles). Seedlings were transferred to turf pellets 

(Jiffy Products International, Norway) after 8 days and grown under the same growth 

conditions.  

 

Cloning of EXO70 genes 

All constructs were prepared using the MultiSite Gateway® (Invitrogen). For preparation 

of expression constructs, the EXO70A1 and EXO70B1 promoters (1kb upstream from the 

start codon) were subcloned into pDONR P4-P1r, the GFP gene in pEN-L1-F-L2 was 

obtained from VIB in Ghent (Karimi et al., 2007), coding sequences of EXO70A1 

(At5g03540), EXO70A2 (At5g52340), EXO70B1 (At5g58430), EXO70B2 (At1g07000), 

EXO70C1 (At5g13150), EXO70D2 (At1g54090), EXO70F1 (At5g50380), EXO70H1 

(At3g55150) and EXO70H7 (At5g59730) with stop codons were subcloned into pDONR 

https://www.arabidopsis.org/servlets/TairObject?id=134230&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=134230&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=134230&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=26702&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=26702&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=26702&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=26702&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=135428&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=135428&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=135428&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=27853&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=135122&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=135122&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=135122&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=135122&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=40195&type=locus
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P2R-P3 using the Gateway BP clonase mix (Invitrogen). A promoter, GFP, and an EXO70 

gene were then recombined together into the pB7m34GW destination vector (Karimi et 

al., 2007) using the Gateway LR clonase mix (Invitrogen). The insertions in pDONR vectors 

were sequenced using M13 primers. The final constructs were sequenced using M13 

primers and two outward GFP primers (Tab. S1). 

 

Complementation assays 

Expression constructs with the EXO70A1 or EXO70B1 promoter were then introduced to 

exo70a1 heterozygous mutants or exo70b1 homozygous mutants, respectively, using the 

Agrobacterium tumefaciens-mediated floral dip method (Clough and Bent, 1998). 

Transformants were selected by spraying with glufosinate solution (BASTA; 150 mg∙l-1) 

onto 7 days old seedlings grown in soil. Complementation assays were performed using at 

least two independent transformed lines for each construct. At least 10 plants were 

evaluated for each line.  

 

Anthocyanin induction and assessment 

Plants were grown for one month under short day conditions (8 h light /16 h dark) and 

transferred to the long day conditions (16 h light/8 h dark) for another month under 

standard illumination of 100 μM/m2/s. Then, rosette leaves were harvested (20 mg and 

per each sample) and grinded in liquid nitrogen, followed by addition of 2 ml of acidic 

methanol (1% HCl in 50% MeOH). Samples were centrifuged twice at 14 000 rpm, at the 

room temperature for 5 min. Absorption was measured at 530 nm using a Helios Alpha 

spectrophotometer (Varian) in 2ml cuvettes. At least 5 plants (samples) per each genotype 

were analysed and each sample contained two technical replicas. The whole experiment 

was performed in two biological replicates.  

 

Microscopy  

The subcellular localization of GFP-tagged EXO70s in roots of 5-day-old or cotyledons of 7-

day-old seedlings was performed using a Zeiss LSM 880 confocal laser scanning 

microscope equipped with C-Apochromat 40x/1.2 WI and 63x/1.4 WI. Samples were 

illuminated with a 488-nm laser, GFP fluorescence was recorded at 493–535 nm, and 

chloroplast or FM4-64 fluorescence was recorded at 575–650 nm. For visualization of 

cellular membranes, seedlings were labelled by FM4-64 (Invitrogen, 

http://www.invitrogen.com) at a final concentration of 5 μM 30 min before observation. 
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Supplementary Materials 

 

 

 

 
 

Figure S1. EXO70A1 and EXO70A2 localize at the PM in exo70a1 root epidermal cells 

unlike other EXO70 isoforms. 

PM association of GFP-tagged EXO70 isoforms expressed under the EXO70A1 promoter in 

the exo70a1 mutant background (related to Fig. 3). The PM association was calculated as 

a ratio between the average GFP fluorescence intensity at the outer lateral PM and in the 

adjacent cortical cytoplasm. Each dataset represents measurements from at least 25 root 

cells. Letters denote statistically different groups calculated by ANOVA at a 0.01 

significance level. Bars inside box plots represent mean values. 
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Figure S2. Aberrant structures 

containing EXO70 isoforms in root 

epidermal cells of exo70a1 are coalesced 

endomembrane compartments. 

Seedlings of the exo70a1 mutant 

expressing different EXO70 isoforms 

under the EXO70A1 promoter were 

stained by FM4-64 dye 30 min before 

imaging. Unlike EXO70A1:GFP and 

EXO70A2:GFP, other EXO70 paralogs 

accumulated in expanded endo-

membrane compartments as 

documented by colocalization with the 

FM4-64 staining. Scale bar = 10 µm. 
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Table S1. List of primers used in this study 

 

Plant genotyping 

exo70a1-2 LP TCCATGGACACAAATTTCATG 
exo70a1-2 RP TCTACTGGCATTTTCCCAATGT 
LBb1.3 ATTTTGCCGATTTCGGAAC 
exo70b1-2 LP CGTGGCAGGAGTTAGAAGATG 
exo70b1-2 RP TTGTCTGCGTTTTTCCCTATG 
Gabi LB 08409 ATATTGACCATCATACTCATTGC 
  

Cloning of EXO70A1p:GFP:EXO70 and EXO70B1p:GFP:EXO70 

A1_prom_fw ATTGTAAAAAGGGAATGAGCAT 
A1_prom_rev AAAATAACGAATAATCTTTCTGAGTTGA 
B1_prom_fw   TAGAAAAGTTGAATGCGGTAGAAGAGAGG 
B1_prom_rev TTTGTACAAACTTGGATTGAAACAGATGTGGAACC 
A1_FW CTTGTACAAAGTGGCTATGGCTGTTGATAGCAGA 
A1_RV GTATAATAAAGTTGTTACCGGCGTGGTTC 
B1_FW CTTGTACAAAGTGGCTATGGCGGAGAATGGT 
B1_RV GTATAATAAAGTTGTCATTTTCTTCCCGTGGTA 
A2_FW GGGGACAGCTTTCTTGTACAAAGTGGCTATGGGGGTGGCTC 
A2_RV GGGGACAACTTTGTATAATAAAGTTGCTTTATCTCTTTGGCTCACTCC 
B2_FW CTTGTACAAAGTGGCTATGGCTGAAGCCGG 
B2_RV GTATAATAAAGTTGTCAACTTGAGCTTTCCTTGA 
C1_FW GGGGACAACTTTGTATAATAAAGTTGCTTTATCTCTTGCGTGCC 
C1_RV GGGGACAGCTTTCTTGTACAAAGTGGCTATGGAGAAATCTGGAAATCAC 
D2_FW CTTGTACAAAGTGGCTATGGCAACACCGGA 
D2_RV GTATAATAAAGTTGTCACTGAGACCGTCTC 
F1_FW GGGGACAGCTTTCTTGTACAAAGTGGCTATGGCCGCAACAAC 
F1_RV GGGGACAACTTTGTATAATAAAGTTGCTTTAACTTTTCCTTCTCGGG 
H1_FW GGGGACAACTTTGTATAATAAAGTTGCTTCAGCCTGAAACACAC 
H1_RV GGGGACAGCTTTCTTGTACAAAGTGGCTATGGCGAAAATGGCG 
H7_FW GGGGACAACTTTGTATAATAAAGTTGCTTCATTCAATGACTACTACGTC 
H7_RV GGGGACAGCTTTCTTGTACAAAGTGGCTATGGGGAAGCATTTATTCC 
attB2r adaptor GGGGACAGCTTTCTTGTACAAAGTGG 
attB3 adaptor GGGGACAACTTTGTATAATAAAGTTG 
attB1R adaptor GGGGACTGCTTTTTTGTACAAACTTG 
attB4 adaptor GGGGACAACTTTGTATAGAAAAGTTGAA 
  

Sequencing of EXO70A2 constructs in Gateway vectors 

M13_FW GTAAAACGACGGCCAGT 
M13_RV AACAGCTATGACCAT 
GFP_seq_FW CCACAACGTCTATATCATGG 
GFP_seq_RV ACGCCGTAGGTCAG 
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Summary 

 

Endomembrane traffic in eukaryotic cells functions partially as a means of communication; 

delivery of membrane in one direction has to be balanced with a reduction at the other 

end. This effect is typically the case during the defence against pathogens. To combat 

pathogens, cellular growth and differentiation are suppressed, while endomembrane 

traffic is poised towards limiting the pathogen attack. The octameric exocyst vesicle-

tethering complex was originally discovered as a factor facilitating vesicle-targeting and 

vesicle-plasma membrane (PM) fusion during exocytosis prior to and possibly during 

SNARE complex formation. Interestingly, it was recently implicated both in animals and 

plants in autophagy membrane traffic. In animal cells, the exocyst is integrated into the 

mTOR-regulated energy metabolism stress/starvation pathway, participating in the 

formation and especially initiation of an autophagosome. In plants, the first functional link 

was to autophagy-related anthocyanin import to the vacuole and to starvation. In this 

concise review, we summarize the current knowledge of exocyst functions in autophagy 

and defence in plants that might involve unconventional secretion and compare it with 

animal conditions. Formation of different exocyst complexes during undisturbed cell 

growth, as opposed to periods of cellular stress reactions involving autophagy, might 

contribute to the coordination of endomembrane trafficking pathways. 
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4. DISCUSSION 

 

 

Involvement of the plant exocyst in the regulation of cell polarity, growth and 

morphogenesis was well documented and previous studies revealed plant-specific features 

of this tethering complex. The most interesting aspect of the plant exocyst is the 

enormous evolutionary proliferation of the gene family encoding the EXO70 subunit. 

Divergence of EXO70s and their functions in angiosperms (Eliáš et al., 2003; Cvrčková et 

al., 2012) have become one of the main topics in understanding the regulation of cell 

polarity and morphogenesis in plants (Žárský et al., 2009; Žárský et al.,2019). However, 

most studies carried out to date did not systematically investigate the functional 

specialization of different EXO70 paralogs in a comparative way.  

 

4.1. EXO70A1 functions in exocyst targeting to the plasma membrane  

 

Detailed knowledge of the exocyst binding to the PM is critical for understanding the 

exocyst function at the molecular level. In yeast and mammals, the interaction of both 

Exo70 and Sec3 with the PM is mediated by a direct binding to specific membrane lipids, 

namely PIP2 (Liu et al., 2007; He and Guo, 2009). In Arabidopsis, point mutated variants of 

the SEC3a subunit that were unable to bind PIP2 could still localize to the PM in pollen 

tubes (Bloch et al., 2016). It was therefore hypothesized that EXO70 subunit might be 

responsible for targeting the exocyst complex to the PM, with only supportive role of SEC3 

to this process (Bloch et al., 2016).  

Indeed, we demonstrated that in Arabidopsis root epidermal cells EXO70A1 is 

critical for the PM targeting of the exocyst because the association of other exocyst 

subunits with the PM was clearly dependent on EXO70A1 (Paper No. 2). Unlike in yeast 

and mammals, the PM recruitment of EXO70A1 was dependent on PI4P and PA with a less 

important role of PIP2. In agreement, previous study showed that plant PM has a unique 

electrostatic signature controlled by PI4P and PA (Simon et al., 2016; Platre et al., 2018). 

EXO70A1 most strongly interacts with anionic phospholipids through five evolutionary 

conserved lysine residues on its C-terminus (Pleskot et al., 2015). Substitution of these 

positively charged lysine residues with negatively charged glutamate residues resulted in a 

significant reduction of EXO70A1 binding to the PM (Paper No. 2). Similarly, EXO70H4 

paralog binds PM through interaction with PA and PS in the apical domain of the mature 

Arabidopsis trichome (Kubátová et al., 2019). Direct interactions of other EXO70 isoforms 
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with membrane phospholipids remain to be experimentally tested. Even though particular 

EXO70 isoforms can be involved in various types of vesicle trafficking (Kulich et al., 2013, 

Kulich et al., 2015), EXO70A1 most likely plays a key role in the exocyst PM targeting in the 

sporophyte.  

 Based on the pollen specific expression (www.Genevestigator.com) and our 

experimental data (Marković et al., 2020, Paper No. 3) we suggest that EXO70A2 paralog 

mediates the exocyst interaction with PM in a similar manner in the male gametophyte. 

Only EXO70A2 paralog could substitute for the EXO70A1 function (Paper No. 3) and it was 

localized at the PM identically to EXO70A1 when expressed in the sporophyte. 

Interestingly, EXO70A1 was not able to substitute for the EXO70A2 function in pollen. In 

accord with this observation, structural models of EXO70A1 and EXO70A2 revealed 

different electrostatic potential on the EXO70A2 surface in the medial plant-specific loop 

(Marković et al., 2020). Thus, we speculate that EXO70A1 and EXO70A2 may interact with 

specific proteins in the sporophyte or male gametophyte, respectively, that modulate their 

functions (Marković et al., 2020). 

 

4.2. EXO70A2 functions in pollen development 

 

Based on transcriptome and proteome analyses EXO70A1 is not expressed in pollen 

(Grobei et al., 2009; Synek et al., 2017). Surprisingly, two most expressed EXO70 paralogs 

in pollen from the EXO70.2 subfamily, EXO70C2 and EXO70C1, do not function as stable 

subunits of the exocyst complex despite their roles in polar growth regulation (Synek et al., 

2017). These facts support a hypothesis that EXO70A2, another EXO70 expressed in pollen, 

might be the main EXO70 isoform involved in the canonical function of the exocyst 

complex in pollen. EXO70A2 is the closest paralog to EXO70A1, and these two paralogs 

share 72% sequence identity at the protein level. Similar to EXO70A1, EXO70A2 physically 

interacted at least with three other exocyst subunits: SEC3a, SEC10b, and EXO84b (Hála et 

al., 2008; Fendrych et al., 2010; Synek et al., 2017).  

Indeed, we documented that EXO70A2 is critical for pollen grain maturation, 

germination, and pollen tube growth (Marković et al., 2020). In addition, an independent 

study brought the same conclusion, corroborating thus our conclusions (Beuder et al., 

2020). EXO70A2 probably functions as a part of the exocyst complex given the physical 

interaction with other exocyst subunits (above) and its subcellular localization in pollen 

tube tips was similar to that of core exocyst subunits SEC8, SEC10a and SEC15a (Bloch et 

al., 2016; Synek et al., 2017; Batystová et al., submitted). Similar to exo70a2 mutants, 
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previously described exocyst mutants sec3a, sec5a, sec6, sec8 and sec15a also showed 

severe defects in their germination efficiency (Cole et al., 2005; Hála et al., 2008; Bloch et 

al., 2016; Batystová et al., submitted). On the other hand, pollen grain bursting, presence 

of non-viable pollen grains and delayed germination observed in exo70a2, indicating 

defects in pollen grain maturation, are novel pollen phenotypic deviations of exocyst 

mutants.  

Defects of exo70a2 mutants indicate that delivery of cell wall components and/or 

cell wall modifying enzymes is probably compromised in the mutant pollen. In other 

words, the delivery of such cargos might be performed by the EXO70A2-containing exocyst 

complex vesicles. In agreement, many studies demonstrated the importance of proper 

structure and chemical composition of the cell wall for the efficient pollen germination 

and pollen tube growth (Chebli et al., 2012; Leroux et al., 2015; MacAlister et al., 2016). 

For example, the Arabidopsis pme48 mutant in a pollen-specific pectin methylesterase, 

showed delayed pollen grain germination and bursting of pollen tubes (Leroux et al., 

2015). Likewise, triple and quadruple mutants in pollen-expressed leucine-rich repeat 

extensins (LRX8, 9, 10, 11) showed a high proportion of ungerminated and burst pollen 

grains and defective pollen tubes (Wang et al., 2018). Also, the reduction of pectic 

arabinan side chains, caused by ectopic expression of endo‐α‐1,5‐L‐arabinanase (eGARA), 

resulted in collapsed pollen grains with affected intine during pollen maturation in potato 

(Cankar et al., 2014).  

Another important process involved in the modification of the cell wall during 

pollen grain germination and pollen tube growth is production of reactive oxygen species 

(ROS) by NADPH oxidases (Potocký et al., 2007; Potocký et al., 2012; Smirnova et al., 

2014). It was documented that double mutants of two pollen-specific NADPH oxidases, 

RBOHH and RBOHJ, exhibit a low level of ROS production resulting in bursting pollen tubes 

(Lassig et al., 2014; Kaya et al., 2015). Furthermore, targeted extracellular ROS production 

changed mechanical properties of the pollen grain intine which is important for pollen 

grain germination (Smirnova et al.,2014). We found that the ROS production was 

compromised in imbibed exo70a2 pollen grains. Therefore, it is possible that the EXO70A2-

containing exocyst complex might be responsible for targeted PM delivery of NADPH 

oxidases during pollen grain germination.  

After pollen grain germination, growing pollen tubes require precisely regulated 

secretion to support their intensive tip growth. The importance of the exocyst complex in 

pollen tube growth is well documented. For example, Arabidopsis mutants in several core 
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exocyst subunits (sec5a/b, sec6, sec8, sec15a) generated extremely short and wide pollen 

tubes with drastically reduced fertilization capacity (Hála et al., 2008; see also above). In 

agreement, our work (Marković et al. 2020) and the study by Beuder et al. (2020) both 

show the reduced transmission efficiency and pollen tube elongation in exo70a2 mutants. 

This phenotypic deviation can be explained by an ineffective delivery of secretory vesicles, 

carrying specific cargo to the growing pollen tube tip, resulting in a disbalance between 

turgor pressure and cell wall assembly. Similar to exo70a2, mutants in hydroxyproline O-

arabinosyltransferases, HPAT1 and HPAT3, involved in modification of cell wall-associated 

extensins (MacAlister et al., 2016), and mutants in pectin methylesterases PPME1 (Tian et 

al., 2006) and VANGUARD1 (Jiang et al., 2005) also exhibited pollen tube elongation 

defects. Importantly, aberrant pollen tube morphology and cell wall defects of the hpat1 

hpat3 double mutant pollen tubes were suppressed by the mutation in EXO70A2 (Beuder 

et al.,2020). In their study Beuder et al. (2020) analysed two exo70a2 mutants where both 

had impaired pollen germination and pollen tube growth. Interestingly, in contrast to our 

data, pollen grain viability of these two exo70a2 mutants was normal. This can be due to a 

difference in Alexander staining experimental design used in these two studies. 

Importantly, these two exo70a2 mutants showed decreased secretion of a HPAT substrate, 

extensin 3 (EXT3) (Beuder et al.,2020). Thus, EXO70A2 might play an important role in the 

secretion of unmodified HPAT-target proteins during the pollen development. Increased 

secretion of unmodified HPAT-specific proteins in hpat1 hpat3 mutants might further 

impair cell wall structure of the mutant pollen tubes. This also explains the rescue of cell 

wall pollen tube defects in hpat1 hpat3 mutants by mutation in EXO70A2.  

 

4.3. EXO70B1 functions in autophagy-related transport to the vacuole 

 

The study of Kulich et al. (2013) provided evidence that EXO70B1 along with SEC5a, 

EXO84b, and likely also with SEC6 subunits form a subcomplex, which acts in an 

autophagy-related transport into the vacuole. Mutants lacking EXO70B1 show decreased 

accumulation of anthocyanins in adult plants and EXO70B1 colocalized with anthocyanins 

inside the vacuole. Thus, proper delivery of anthocyanins into the vacuole (and apoplast) is 

dependent on EXO70B1-subcomplex (Kulich et al., 2013). We can speculate that transport 

of other secondary metabolites may be transported in the same manner. However, the 

precise mechanism of the EXO70B1-subcomplex function in this process remains 

unknown. In mammals, the exocyst subcomplex is involved in the first step of the 

autophagic pathway – the autophagosome biogenesis. In this process, RAS-like GTPase, 
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RalB, acts as a regulatory switch to promote autophagosome biogenesis by mobilizing 

assembly of autophagy initiation complexes. Upon starvation, RalB GTPase is activated and 

binds the Exo84 exocyst subcomplex to facilitate the activation of the autophagic kinase 

ULK1 and autophagosome biogenesis. However, upon nutrient rich conditions RalB is not 

activated and the exocyst subcomplex incorporates Sec5 exocyst subunit which leads to 

the activation of mTORC1 kinase and the inhibition of autophagy. Thus, the RalB and 

exocyst complex represent a regulatory hub during the cellular starvation response in 

mammals (Bodemann et al., 2011). The EXO70B1-subcomplex will probably affect another 

step of the autophagic pathway, because one of the phenotypic deviations of the exo70b1 

mutant was secretion of exosomes to the apoplast instead to the vacuole. Indeed, many 

studies have shown that if one endomembrane trafficking pathway is blocked, another 

pathway can take over and deliver cargo to different destinations – with a cell 

wall/apoplast as a default destination (Gendre et al., 2013; Sanmartin et al., 2007). For 

example, CLV3 with vacuolar sorting signal, is normally transported into the vacuole, but in 

vacuolar trafficking mutants it becomes secreted (Sanmartin et al., 2007). This suggests 

that EXO70B1-subcomplex is possibly involved in the autophagosome targeting into the 

vacuole, but this does not exclude possibility, that specific EXO70s might be involved in 

early stages of autophagosome biogenesis and cargo selection. Indeed, a recent study 

demonstrated that members of the EXO70D clade act as autophagic receptors in selective 

autophagic degradation of type-A ARR proteins to regulate cytokinin signaling 

(Acheampong et al., 2020). 

Bioinformatic analyses of exocyst subunits uncovered numerous ATG8-interacting 

motifs (AIMs) within their amino acid sequences. Examination of the AIMs frequency in 

distinct EXO70 clades revealed that the EXO70B clade (together with EXO70D and E) is the 

most enriched in AIMs (Cvrčková et al., 2013). This suggests that interactions of EXO70B1 

and EXO70B2 with core autophagy proteins are highly expected (Tzfadia and Galili, 2013). 

Therefore, we can speculate that the EXO70B1-subcomplex may contribute to the 

autophagy-related anthocyanin import to the vacuole including a direct interaction with 

ATG8.  

Several models of anthocyanin transport in Arabidopsis have been proposed. The 

ligandin transport model involves direct transmembrane transport of anthocyanins into 

the vacuole via specific importers (Poustka et al., 2007). The vesicular transport model 

postulates that anthocyanins imported into the ER lumen are transported via vesicles to 

the vacuole (Pourcel et al., 2010; Gomez et al., 2011). Therefore, we can speculate that 
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EXO70B1-subcoplex might be involved in the vesicular transport of anthocyanins via 

interaction with ATG8. Nevertheless, it was documented that anthocyanins are 

transported into the vacuole also via direct engulfment by the vacuolar membrane 

independently of the core autophagy proteins (Chanoca et al. 2015). Thus, it could not be 

excluded that the EXO70B1 subunit may act entirely independently of core autophagy 

proteins and without other exocyst subunits during the induction of tonoplast curvature 

and anthocyanin uptake. Indeed, several studies showed the connection between EXO70 

proteins and membrane organization. For example, it was shown by computer modelling 

that EXO70 causes clustering of PIP2 in yeast (Pleskot et al., 2015) and oligomerization of 

EXO70 subunits alone induced negative membrane curvature resulting in PM protrusions. 

This function of EXO70 is very similar to BAR family of proteins that deform the membrane 

through their concave and convex surfaces. However, Exo70 does not belong to any of the 

BAR domain protein families. On the other hand, the rod-like structure of Exo70 and its 

oligomerization may confer its resemblance to the BAR proteins (Zhao et al., 2013). 

 

4.4. Diversity and functional specialization of EXO70 genes in land plants  

 

Gene duplications have played a crucial role in land plant evolution. They provided a 

source of genetic material for the evolution of new exocyst subunit paralogs with possibly 

different properties that can modulate the exocyst function (Cvrčková et al., 2012). In the 

Arabidopsis genome, gene duplications are often associated with differences in expression 

patterns of given paralogs (Liu et al., 2011). Indeed, two members of the EXO70.1 

subfamily, EXO70A1 and EXO70A2, which arose through ancient duplication of the 

ancestral EXO70A gene are highly expressed either in the sporophyte or male 

gametophyte, respectively (Marković et al., 2020). This is in agreement with the 

hypothesis of De Smet et al. (2017) who showed that after a whole-genome duplication, 

genes that contribute to the processes involved in cell polarity tend to diverge in their 

expression patterns: to sporophyte-specific and to those enriched in tip-growing cells, 

especially in the male gametophyte. The presence of pollen-expressed and sporophyte-

expressed paralogs has been also documented in the case of SEC3a/b, SEC15a/b, and 

EXO84a/b(c) exocyst subunits in Arabidopsis (Bloch et al., 2016; Synek et al., 2017; 

Batystová et al., submitted). 

Increased number of exocyst subunit paralogs in plants and their differential 

expression opens an important question of their functional redundancy. Particularly 

relevant is the extraordinary evolutionary dynamics of the EXO70 subunit encoded by land 

https://paperpile.com/c/YGW0nx/A2Ox
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plant genomes. For example, EXO70A2, the most closely related paralog of EXO70A1 

(sharing 72% amino acid sequence identity), represents the only EXO70 paralog able to 

substitute for the EXO70A1 function in the sporophyte (Marković et al., 2020; Paper No. 

3). Interestingly, EXO70A1 was unable to substitute for EXO70A2 function in the male 

gametophyte discussed above (Marković et al., 2020). Similarly, SEC15a, the main SEC15 

isoform in the male gametophyte, could substitute the SEC15b function in the sporophyte 

even though these two paralogs share only 47% sequence identity. However, when 

expressed in pollen, SEC15b was unable to substitute for SEC15a function (Batystová et al., 

submitted).  

Several pairs of close paralogs within the EXO70.2 subfamily seem to have 

diversified their functions. EXO70B1 and EXO70B2 share 51% sequence identity at the 

protein level and most probably do not functionally overlap. First, exo70b1/exo70b2 

double mutants displayed no synergistic phenotype, but only early senescence which is a 

typical phenotype for the single exo70b1 mutant (Stegman et al.,2013). Second, when 

expressed under the EXO70B1 promoter, EXO70B2 was unable to rescue the exo70b1 

phenotype of early senescence and anthocyanin accumulation defect (Paper No. 3). 

However, a recent study showed that EXO70B1 and EXO70B2 may have partially 

redundant functions in young seedlings since both paralogs contributed to the receptor 

kinase FLAGELLIN SENSING 2 (FLS2) trafficking to the plasma membrane (Wang et al., 

2020). Therefore, it is possible that functional divergence of these two paralogs is 

pronounced only in the context of adult plants. It is important to mention that the 

genomes of other angiosperm species encode usually only one EXO70B paralog or more 

paralogs that appeared during the evolution by independent duplications not related to 

the evolution of Arabidopsis EXO70B1 and EXO70B2 (Cvrčková et al., 2012).  

 Similarly, two closely related paralogs of the EXO70H clade, EXO70H3 and 

EXO70H4, share 52% sequence identity and do not seem to functionally overlap. EXO70H4 

was the only EXO70 paralog able to complement the exo70h4 mutant phenotype 

(trichome callose deposition defect and lack of trichome autofluorescence), indicating a 

highly specific function of EXO70H4 in trichomes (Kulich et al., 2018). EXO70C1 and 

EXO70C2 paralogs share 38% sequence identity and exhibit a limited degree of functional 

redundancy in pollen, but EXO70C1 is not sufficient to fully compensate for the EXO70C2 

loss of function (Synek et al., 2017). The exo70c2 mutant allele showed a drastic pollen-

specific transmission defect due to aberrant pollen tube growth, exo70c1 had no defect, 
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and disruption of both genes at the same time caused complete pollen transmission defect 

(Synek et al., 2017).  

In contrast, phylogenetic analyses of SEC3, SEC5 and SEC10 genes showed that 

their duplications were recent and occurred independently in different plant groups during 

evolution (Cvrčková et al., 2012). For example, the most recently duplicated exocyst 

subunit isoforms, SEC10a and SEC10b, share 99% sequence identity at the protein level, 

and a mutation in either of them did not lead to any phenotypic defect (Vukašinović et al., 

2014). Moreover, the expression patterns of SEC10a and SEC10b were identical, indicating 

their high functional redundancy (Vukašinović et al., 2014). Likewise, SEC5a and SEC5b 

share 80% sequence identity and have redundant functions, at least in the pollen tube 

growth (Hála et al., 2008). SEC3a and SEC3b isoforms, sharing 97% sequence identity, 

exhibit differential expression in the gametophyte and sporophyte, respectively, but their 

functional redundancy remains to be tested (Bloch et al., 2016). 

Phylogenetic and experimental analyses of duplicated genes encoding exocyst 

subunits have provided valuable insights into the evolution of gene specialization in plants. 

In future, further studies are needed to elucidate the complex diversification pattern of 

the EXO70 gene family functions in land plants. 

  

https://paperpile.com/c/YGW0nx/00nn
https://paperpile.com/c/YGW0nx/00nn
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5. CONCLUSIONS 

 

 

I. 

Among the seven Arabidopsis EXO70 isoforms expressed in the male gametophyte, 

EXO70A2 is the main EXO70 isoform contributing to the canonical function of the exocyst 

complex in polarized exocytosis– analogous to its closely related paralog, EXO70A1, in the 

sporophyte. EXO70A2 is important for the pollen grain maturation, pollen grain 

germination, and pollen tube tip growth. Pollen-expressed EXO70A2 still retains the ability 

to substitute for the function of EXO70A1 in the sporophyte despite the deep evolutionary 

split between these two paralogs. On the contrary, EXO70A1 is unable to substitute for the 

function of EXO70A2 in pollen development. 

 

II. 

Arabidopsis EXO70A1 isoform is responsible for the exocyst targeting to the plasma 

membrane in root cells. This interaction is based on the EXO70A1 binding to anionic 

phospholipids phosphatidic acid and PI4P via positively charged lysine residues. The strong 

EXO70A1 affinity to phosphatidic acid and PI4P, instead of PIP2, represents a plant-specific 

feature of the exocyst complex, which reflects the importance of phosphatidic acid and 

PI4P for the plant plasma membrane identity.  

 

III. 

In Arabidopsis, closely related EXO70A1 and EXO70A2 isoforms from the EXO70.1 

subfamily share the conserved function in exocytosis, which could not be substituted by 

any other EXO70 isoform tested. In contrast, the function of EXO70B1 is highly specialized 

for defence and autophagy-related transport to the vacuole. This function could not be 

substituted even by the closest relative EXO70B2. In general, the EXO70 family in 

Arabidopsis, and most likely in other Angiosperms, has undergone strong functional 

diversification during plant evolution.  
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IV.  

The EXO70B1 isoform plays a unique role in the transport of anthocyanins to the vacuole. 

We hypothesize that the EXO70B1-subcomplex may contribute to autophagy-related 

anthocyanin transport through a direct interaction with ATG8. EXO70B1 may also act 

independently of other exocyst subunits and core autophagy proteins in the induction of 

tonoplast curvature during anthocyanin transport.  

 

Although several studies on the EXO70 family in plants have been published over 

the past years, plant biologists still assemble the puzzle of the functional diversification of 

EXO70 isoforms. For example, the EXO70G clade from the EXO70.3 subfamily still awaits its 

functional characterisation, and little is known about the EXO70F and EXO70I clades that 

largely expanded in grasses. The important question of a possible competition of different 

EXO70 subunits within one cell for incorporation into the exocyst complex is still open. 

Similarly, the ability of different EXO70 isoforms to target the exocyst to specific 

membrane domains in plant cells remains to be elucidated. In conclusion, experimental 

work set to fulfil the aims of this thesis contributed to the current knowledge of the plant 

exocyst complex and opened some interesting questions for future studies. 
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6. ZÁVĚRY 

 

 

I. 

EXO70A2 je hlavní ze sedmi izoforem podjednotky exocystu EXO70 exprimovaných 

v samčím gametofytu u huseníčku. EXO70A2 přispívá k základní funkci komplexu exocyst v 

polarizované exocytóze podobně jako její fylogeneticky nejbližší paralog, EXO70A1, ve 

sporofytu. EXO70A2 je důležitá pro zrání pylových zrn, klíčení pylových zrn a růst pylové 

láčky. EXO70A2 si zachovává schopnost zastoupit funkci EXO70A1 ve sporofytu navzdory 

evolučně velmi starému rozrůznění těchto dvou paralogů. Naopak EXO70A1 není schopna 

nahradit funkci EXO70A2 v pylu. 

 

II. 

Izoforma EXO70A1 u huseníčku je zodpovědná za navádění komplexu exocyst  

k plazmatické membráně v buňkách kořene. Tato interakce je založena na vazbě EXO70A1 

k anionickým fosfolipidům kyselině fosfatidové a PI4P prostřednictvím pozitivně nabitých 

lyzinových zbytků. Silná afinita EXO70A1 ke kyselině fosfatidové a PI4P místo k PIP2 

představuje specifický rys komplexu exocyst u rostlinných buněk, který odráží význam PI4P 

pro identitu rostlinné plazmatické membrány. 

 

III. 

Blízce příbuzné izoformy EXO70A1 a EXO70A2 z podrodiny EXO70.1 sdílejí u huseníčku 

konzervovanou funkci v polarizované exocytóze, kterou nelze nahradit žádnou jinou 

izoformou EXO70. Naproti tomu EXO70B1 je vysoce specializovaná na obranu a transport 

do vakuoly během autofagie. Její funkci nemůže zastoupit ani nejblíže příbuzná izoforma 

EXO70B2. Obecně vzato se genová rodina EXO70 u huseníčku, a pravděpodobně i u jiných 

krytosemenných rostlin, z hlediska svých buněčných funkcí výrazně diverzifikovala. 

 

IV. 

Izoforma EXO70B1 má svou specifickou funkci v transportu antokyanů do vakuoly. 

Předpokládáme, že EXO70B1 jakožto součást neúplného komplexu exocyst přispívá 

k tomuto transportu antokyanů spojenému s autofagickou dráhou díky přímé interakci 

s proteinem ATG8. EXO70B1 by mohla také působit zcela nezávisle na exocystu  

a proteinech zajišťujících autofagii a indukovat zakřivení vakuolární membrány během 

transportu antokyanů. 
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Ačkoli v posledních letech bylo publikováno několik studií o genové rodině EXO70 

u rostlin, vědci stále skládají mozaiku funkční diverzifikace izoforem EXO70. Například třída 

EXO70G z podrodiny EXO70.3 stále čeká popis své funkce. Stejně tak o třídách EXO70F a 

EXO70I, které se výrazně zmnožily u trav, je známo jen velmi málo. Důležitá otázka 

kompetice mezi různými podjednotkami EXO70 v jedné buňce o začlenění do komplexu 

exocyst zůstává zatím nezodpovězená. Podobně zbývá objasnit schopnost různých 

izoforem EXO70 navádět exocyst ke specifickým doménám membrán v rostlinné buňce. 

Experimenty, které byly provedeny za účelem splnění cílů této dizertační práce, významně 

přispěly k prohloubení současných znalostí komplexu exocyst u rostlin a zároveň otevřely 

nové otázky důležité pro budoucí výzkum. 
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