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ABSTRACT 
Exocyst is an octameric protein complex, conserved across all Eukaryotes. Its role, originally described in 

yeast, resides in a tethering of the secretory vesicles to the plasma membrane prior to the membrane 

fusion of the two membranes. Subunits SEC3 and EXO70 are believed to be spatial landmarks for the 

vesicles delivery. While yeast genome encodes single EXO70, we find dozens of them in land plants (23 

in Arabidopsis). This work is focused at a role of the exocyst complex in plant cells. Its first part 

documents, that exocyst is essential for delivery of the cell wall components, namely pectins, but also 

for pathogen induced secondary cell wall thickening. Second part reveals an unconventional role of 

EXO70B1 subunit harboring exocyst subcomplex at an autophagic pathway to the vacuole and raises 

many questions about plant secretory pathway.  

 ABSTRAKT- SLOVENSKY 
Exocyst je oktamerický proteínový komplex, konzervovaný naprieč ríšou Eukaryota. Jeho úloha, pôvodne 

popísaná u kvasiniek, spočíva v pútaní sekretorických váčkov k plazmatickej membráne pred samotným 

splynutím dvoch membrán. Podjednotky exocystu SEC3 a EXO70 sú považované za tie, ktoré určujú 

miesto pútania váčku k plazmatickej membráne. Zatiaľ čo genóm kvasinky obsahuje jedinú podjednotku 

EXO70, u suchozemských  rastlín ich nájdeme desiatky (23 u Arabidopsis). Táto práca sa zaoberá úlohou 

komplexu exocyst v rastlinnej bunke. Jej prvá časť dokladá, že exocyst sa významne podieľa na sekrécii 
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komponentov bunkovej steny, obzvlášť pektínov, ale aj pri hrubnutí bunkovej steny vyvolanom 

interakciou s patogénom. Ďalšia časť odhaľuje novú, nekonvenčnú úlohu podjednotky EXO70B1 (a na nej 

založenom subkoplexu) pri autofagickom transporte do vakuoly a vyvoláva tak mnoho otáznikov nad 

rastlinnou sekretorickou dráhou a jej špecifikami. 

1. INTRODUCTION 

1.1. ENDOMEMBRANE MACHINERY IN GENERAL  
 

If we were looking for the strangest live forms, most distant from animal cells, plants would 

definitely belong to the list. Their life strategies and concept of success are based on 

regeneration and a great developmental plasticity. Because plants are sessile and modular 

organisms, many adaptations on a cellular level are required. Since endomembrane system in 

fact defines Eukaryota, endomembrane trafficking is one of key machineries involved also in 

plant life. As it mediates many means of adaptations, it is also very dynamic and complex. 

Plant cell moreover produces the cell wall and this process relies on endomembrane 

trafficking. Not only synthesis and delivery of pectins, hemicelluloses and other cell wall 

components, but also recycling of cellulose synthase and other membrane proteins simply 

require continuous recycling of the membrane material. For organization of the 

endomembrane system, compartments need to be labelled and specific. To give 

compartments identity, plants as other organisms use small GTPases, particularly 2 subgroups 

– ARF/SAR1 and RAB/YPT (Takai et al., 2001). These GTPases not only identify membranes, but 

also act as molecular switch to regulate multiple important events linked mostly with 

endomembrane transport. Active small GTPases play many roles linked with identity, 

movement and fusion of endomembrane compartments by multiple and diverse effectors, 

which include SNARE proteins, motor proteins and importantly, tethering factors like exocyst 

(Behnia and Munro, 2005; Grosshans et al., 2006). 

Arabidopsis genome encodes 57 small RAB GTPases, similarly like human (60), but much more 

than yeast (11). As in yeast, also in Arabidopsis, these GTPases can be divided into 8-9 

functional subgroups, out of which 80% is distinct from mammalian RABs. From 8 Arabidopsis 

families (A-H) subgroup A (RabA) is the largest (26 paralogs), indicating plant specific roles 
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(Rutherford and Moore, 2002). This group mainly localizes to different post-Golgi structures - 

trans-Golgi network (TGN)/early endosomes (EE) (this compartments turned out to be 

overlapping in palnts) and prevacuolar compartment (PVC). Rab GTPases cycle between GTP 

and GDP bound form to cycle between the endomembrane compartment (GTP) and 

cytoplasm (GDP) in a complex with RAB-GDI (GDP dissociation inhibitor), which acts to mask 

the hydrophobic prenyl group of small GTPases. All of these processes are maintaining 

complicated endomembrane network. SNAREs or soluble N-ethylmaleimide-sensitive fusion 

protein (NSF) attachment protein receptors are the direct executor of membrane fusion, 

providing energy necessary for overcoming forces associated with bringing together 2 

membrane bilayers in aqueous environment. SNAREs fall into two broad categories – or 

complementary subsets, which are v-SNARES (localized on the vesicles) and t-SNARES 

(localized on the target membrane). Simplified concept of SNAREs action would be a zipper, 

where four domains of complementary SNAREs are amphipatic and zip together, pushing two 

membranes together. This zipped – cis complex of SNAREs requires ATP to disassociate and is 

provided by α-SNAP and the NSF ATPase (Lipka et al., 2007; Sutter et al., 2006) Arabidopsis 

genome encodes 60 SNAREs, from which 13 are v-SNARES and 47 t-SNARES, divided into 3 

subclasses. This number is similar in other plant species. Specific roles play i-SNAREs 

(inhibitory snares), which interfere with normal – fusogenic SNAREs in order to inhibit them. 

Most of the SNAREs reach the highest expression levels in pollen, which is consistent with 

specialization of the male gametophyte for extremely rapid secretion dependent cell 

elongation.  

Preceding fusion of vesicle with target membrane, docking and tethering step occurs. 

Tethering step is believed to be important to further ensure fusion specificity.  

 

1.2. ENDOMEMBRANE MACHINERY IN PLANT CELL MORPHOGENESIS  
 

Polarized growth is an important property of all eukaryotic cells. As mentioned above, plant 

endomembrane system is not only responsible for shaping cell by means of polarized 

secretion, but for production of the cell wall at the same time. This is maintained by various 

mechanisms, from which, endomembrane machinery, especially exo/endo-cytosis might be 
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considered to be most conserved one. Despite the fact, that plant cell growth is mainly driven 

by turgor and cell wall loosening; many mechanisms underlying this complex event require 

membrane secretion and recycling. Situation in plant cell gets at least one more dimension, 

when we consider the fact that many polysaccharides of the cell wall are synthesized in Golgi 

apparatus. Hence, not just membrane material itself, but importantly the cargo of post Golgi 

vesicles, is expected to have an important role at cell polarization and growth. In plants, we 

see many examples, where cell wall components are delivered with ongoing plasma 

membrane extension, like tip growth of pollen or root hair. On the other hand, some cell 

types produce thick secondary cell wall with no or little plasma membrane extension. 

Therefore, precise regulation of exo/endocytosis - i.e. membranes recycling -is a key 

mechanism required for shaping the plant cell. In next chapters, these different polarizations 

of the plant cell shall be discussed. 

1.3. ROOT HAIR AND POLLEN TUBE 
 

 

 

 

Root hair and pollen tube are most used models to study polarized growth in plants. 

Importance of root hair lies in extending the surface of root as well as scouting surrounding 

biotic and abiotic factors, whereas pollen tube, as a vehicle for the delivery of the sperm cell, 

went through extremely strong sexual selection. Despite the different growth speeds (root 

hair - 0.9–3.2 µm/min, pollen tube 12–30 µm/min in Arabidopsis), both are suitable models 

for polarized growth (fig. 1). Known key factors playing role in polarized growth are vesicle 

targeting and secretion, maintaining of calcium gradient, ROS production and importantly, 

cytoskeleton assembly (Baluska et al., 2000; Jones et al., 2006; Sieberer et al., 2005; Wymer et 

al., 1997). Both pollen tube and root hair share similar feature of cytoplasm streaming, 

resembling reversed fountain. This movement is F-actin dependent and brings vesicles to the 

sub-apical zone, where possibly the actual membrane fusion takes place (although precise 

compartmentalization of exocytosis and endocytosis at the tip is not yet conclusively 

Figure 1 – illustration of the polarized 
growth of the root hair and the pollen 
tube 
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resolved). Actin bundles are cortical and also present along the central axis, however, at the 

apex of the pollen tube, they form a fine mesh. This mesh might also play role by providing 

forces needed for plasma membrane growth. Precise regulation of exocytosis and endocytosis 

is the key factor to achieve effective pollen tube elongation, as exocytosis delivers much more 

material to the tip as is actual requirement of the tube (reviewed in(Samaj et al., 2005)) Let us 

summarize problems, which pollen tube must resolve to obtain optimal growth speed.  

1. cell wall expansibility – pollen tube needs to maintain extremely soft cell wall at the 

growing tip, while the rest of the cell wall is crosslinked. This is achieved by cooperation of cell 

wall loosening enzymes and cell wall component removal by endocytosis (Baluska et al., 

2002). Differences between soft and rigid cell wall are achieved by spatial differences in 

activity of pectin-methylesterases (PMEs). PMEs cause rigidity of the cell wall by 

deesterification of pectins, allowing them to stiffen by mechanism of pectin cross linking by 

calcium bridges. In pollen tube, PMEs activity is regulated by its inhibitor – PMEI, which forms 

a pH dependent complex with PME. In the subapical region, protons are pumped out of the 

cell by H+ ATPases, causing acidification of the cell wall together with alkalinization of the 

cytoplasm and formation of alkaline band. Here, PME complex is released from its complex 

with PMEI, and so activated. Consistently with this, antibodies against esterified pectins (JIM7) 

is localized to the apical region, whereas JIM5 detecting de-esterified pectin, localizes to the 

older subapical surface of the tube (Bosch and Hepler, 2005, 2006; Bosch et al., 2005). 

Another way to soften the cell wall might be endocytosis of the cell wall material in order to 

remove it. This was proposed on pectin content in BFA body, where majority of pectins is low 

esterified (JIM5 antibody,(Baluska et al., 2002)). Thus, not only exocytosis, but also differential 

endocytosis of stiff pectins might play crucial role in cell polarization.  

2. constant focusing of the tip growth zone – zone of tip growth must be limited. If there was 

no mechanism for limiting of the tip zone, we would see enlargement of the whole growing 

area. This results in more or less isodiametric growth. Continuous refocusing and limiting the 

tip zone requires tip focusing molecular machinery sometimes also called LENS (for 

localization enhancing network, self-sustaining, Cole and Fowler, 2006). LENS is extremely 

complex mechanism that involves membrane composition, calcium gradient, small GTPases, 

membrane recycling machinery, actin polarization, ROS (reactive oxygen species) production 



9 

 

etc. LENS of root hair is mechanistically resembling the LENS of the pollen tube. Most of its 

characteristics remain similar, for example phosphoinositide signalling, small GTPase and ROS 

signalling. Surprisingly little data exists on calcium signalling in root hair development. A very 

nice detailed comparison of root hair and pollen tube polarizaton has been published 

previously (Cole and Fowler, 2006). As mentioned above, key players in endomembrane 

trafficking of polarly growing cells are small GTPases and phospholipids. Overexpression of 

constitutively active ROP subfamily small GTPases (forexample ROP1) causes 

depolarization/defocusation of the LENS and therefore its decay (Li et al., 1999). Similar defect 

is caused by mutation in RHO GEF REN1. REN1 localizes to the tip of tip growing cells, where it 

locally activates ROPs. In ren1-1 mutant, RHO GTPases localize to the broader area of the 

plasma membrane and polarized growth disappears (Hwang et al., 2008). Small GTPase 

signalling is inseparably interconnected with phospholipid signalling. Phospholipid presence 

and concentration is rapidly translated into cellular responses, mediated mostly by proteins 

with lipid binding domains, such as FYVE, pleckstrin homology (PH) or Phox domains. These 

can be found for example within small GTPase GAPs, phospholipases D, phosphatidylinositol 

4-kinases, sorting nexins etc. (reviewed in van Leeuwen et al., 2004). In pollen tube, 

phosphatidylinositol 4,5-bisphosphate (PIP2) accumulates at the tip, where it is produced by 

Rac-Rop-associated lipid kinases (Kost et al., 1999). Overexpression of phosphatidylinositol-4-

phosphate 5-kinases (and therefore abundant PIP2) results in curly and branched pollen 

tubes, largely depositing pectins at the tip. On the other hand, knockout mutants in 

phosphatidylinositol-4-phosphate 5-kinases showed reduced pollen germination, growth and 

polarity (Sousa et al., 2008). This implies, that PIP2 influences also exocytosis/endocytosis 

ratio by stimulating exocytosis in ROP dependent manner. Importantly, PIP2 lateral movement 

from the tip zone is prevented by phospholipases C, localized at the subapical region. Here, 

PLC hydrolyzes PIP2 to generate diacylglycerol (DAG) and IP3 (Helling et al., 2006). DAG is 

phosphorylated by DAG kinase, generating phosphatidic acid (PA), another important 

signalling lipid. PA can be also generated by action of phospholipase D (Dawson, 1967). 

Phospholipases D can be inhibited by 1-butanol. This results in inhibition of pollen tube 

growth and inhibited membrane recycling (Potocký et al., 2003). Naturally, there are many 

other signalling lipids (such as phosphatidylinositol 3-phosphate, 3,5 bisphosphate, 3,4,5 
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thisphosphate etc.), playing very general roles in endomembrane trafficking not only in pollen 

tubes, which I won’t discuss here.  

 

1.4. VOLCANO CELLS OF THE ARABIDOPSIS SEED COAT AND OTHER 

EPIDERMAL CELLS 
 

 

 

 

 

 

Quite different ways of polarization can be observed on Arabidopsis epidermal cells, especially 

on outer layer of the seed coat, which is an extreme example of cell polarization (fig. 2). In 

contrast to tip-growing cell, there is nothing like LENS in these cells and the polarization is 

mainly observed in different character of the cell wall. Leaf epidermal cells have thicker cell 

wall on the outer surface (including cuticle), while the inner surface is thinner. More dramatic 

process of internal polarization is seen during Arabidopsis volcano cell development. Here, 

pectinaceous mass is accumulated in a donut shaped layer, which is secreted out of the cell by 

specific plasma membrane domain. When synthesis of pectinaceous mass is finished, another 

layer of firm secondary cell wall is produced, forming a pocket surrounded by thin layer of 

primary wall on the strong cell wall oriented towards the protoplast. In the central area, 

where pectinaceous mass is absent, secondary cell wall is physically connected with the 

primary wall. This central area is called columela and has a volcano like shape. Upon seed 

rehydratation, pectinaceous mass absorbs water, cracks the thin layer of primary cell wall of 

the pocket by swelling (Haughn and Western, 2012; Western et al., 2000). Within few 

seconds, mucilage is then released to form a thick layer surrounding the seed (inner seed coat 

mucilage) and a very soft layer, which normally falls apart (outer seed coat mucilage). 

Figure 2 – illustration of the polarized cell wall thickening of the leaf 
and seed epidermal cells  
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From morphogenetic point of view, Arabidopsis seed coat represents a perfect model for cell 

polarization, as mucilage delivery domain might be one example of a recycling domain theory, 

presented by (Zárský and Potocký, 2010; Zárský et al., 2009). Regulatory proteins and 

mechanisms responsible for pectin secretory domain formation are yet unknown. Pectin 

secretory domain is heavily covered by cortical microtubules, part of them also perpendicular 

with the PM. Disruption of these microtubules by temperature sensitive mor1-1 mutation 

leads also to dramatic decrease of cell wall pectin of the seed coat. However, the secretory 

domain size and place are not affected. Except for post-Golgi and clathrin coated vesicles 

(CCV), a novel form of vesicles (electron dense, smaller than TGN derived vesicles, but larger 

than CCV) was spotted in the seed coat epidermal cells (McFarlane et al., 2008). Domains 

covered by dense microtubular network are present also during other similar cell wall events, 

such as preprophasic band or phragmoplast formation, showing its essentiality for pectin 

delivery and cell wall formation. 

Similar, but less dramatic cell polarization might be observed in the case of pavement 

epidermal cells of Arabidopsis leaf or stem. Despite many efforts, the process of cuticle 

formation is still poorly understood. Final steps of wax precursor synthesis are happening 

inside of the ER, however following steps are unknown. In fact, only few hypotheses exist on 

how could waxes be delivered to the apoplastic space. It might be conventional post-Golgi 

secretion, or either direct nonvesicular transport from ER to the PM by transbilayer flip-flop 

mechanisms (reviewed in Holthuis and Levine, 2005; Kunst and Samuels, 2009). Final 

transport step of the lipidic precursors from the cytoplasm to the apoplast is provided by ABC 

transporters. For example rice ABCG15 is crucial for pollen exine development and mutants 

lack cutin and sporopollenin monomers in exine (Qin et al., 2013) Naturally, such a model of 

cutin deposition logically requires a polarization step in ABC transporter localization or 

activation. It is therefore very reasonable to expect a role of polarized secretion in cuticle 

deposition. 

1.5. EXOCYST COMPLEX IN PLANT EMDOMEMBRANE MACHINERY 
Exocyst complex has been shown many times to be crucial element for polarized growth. It 

has first been described in yeast (TerBush and Novick, 1995; Terbush et al., 2001; TerBush et 

al., 1996) as a complex of proteins encoded by secretory - “sec” identified from secretory 
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mutant screens (Novick et al., 1980). Exocyst discovered as an effector of SEC4 RAB GTPase, 

executing tethering of secretory vesicles to the plasma membrane domains. From 8 exocyst 

subunits, Sec3 and Exo70 are putative landmarks, which target the vesicle to its destination 

plasma membrane. However, also novel functions of this complex have been recenly 

revealed. These are described more in detail in article 2. Today we know that this complex is 

conserved amongst eukaryotes including plants, where its presence has been first shown 

bioinformatically (Elias et al., 2003) and subsequently experimentally (Hála et al., 2008). Most 

of the exocyst subunit genes have diverged into gene families, with largest family of 23 EXO70 

paralogs in Arabidopsis. First evidence of plant exocyst involvement in the polarized growth 

was indicated in (Cole et al., 2005) on SEC8 subunit. Mutants in SEC8 gene have drastically 

restricted pollen tube growth, significantly affecting sec8 heterozygote segregation ratios. 

Interestingly, most 5’ located mutations (sec8-1, sec8-3) showed very strong phenotypic 

defects - male gametophyte lethality, whereas sec8-4 and sec8-6 defects are mild, yet still 

significant. Also the description of most conserved and abundant subunit of EXO70 family –

EXO70A1 -insertional mutants indicated morphogenesis defects (Synek et al., 2006). Mutants 

in these subunits are dwarfish and most of the phenotypic deviations can be explained by 

defects in polarized secretion. These include reduced root hair length, poorly growing stigmas 

after the opening of flowers and importantly, not germinating pollen. Crossing of exocyst 

mutants with quartet1 (qrt1) mutant enabled also identification of other exocyst mutant 

pollen defects, including sec15a, sec6 and double mutant of sec5a/sec5b. These are similar 

with sec8 pollen defects – tubes are swollen with decreased growth speed, implying the role 

of exocyst in cell polarization. In Brassica napus, EXO70A1 is degraded in proteasome after the 

ARC1 ubiquitin ligase mediated polyubiquitination during self-incompatible pollination 

(Samuel et al., 2009).  This results in drying of stigma around the incompatible pollen grain, 

likely restricting its germination. The same concept, however, does not work in Arabidopsis 

(Kitashiba et al., 2011). Together with exocyst component localization in the tip of pollen tube, 

these data provide strong evidence that the main function of exocyst remained conserved and 

connected with targeted vesicle secretion.  

There is still no clear evidence for small GTPase regulation of exocyst in plants. This regulation 

is expected, as small GTPases regulate exocyst in yeast and animals and also in plants are 

essential for proper polarized growth. Best candidate type we might expect some functional 
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interaction is the most divergent RabA subfamily with putative post-Golgi functions and also 

SEC4 related RABE paralogs. RabA clade is most related to mammalian homolog Rab11, 

known to interact with SEC15 exocyst subunit in animals (Vernoud et al., 2003). Surprisingly, 

ROP GTPases interact with exocyst indirectly by a third – scaffold protein - ICR1 (Bloch et al., 

2008; Lavy et al., 2007). This protein interacts with the active form of ROP1 and ROP2 and 

with exocyst subunit SEC3 at the same time. Overexpression of ICR1 leads to similar 

phenotypic deviations as overexpression of constitutively active ROPs, while overexpression 

of mutated ICR1 without ROP-interacting motif does not visibly affect the plant (Lavy et al., 

2007). This indicates, that majority of ROP roles might be mediated via such a scaffold 

proteins and one of downstream targets is exocyst (Lavy et al., 2007). It is quite possible, that 

for multicellular organisms, so highly adaptable like land plants, such scaffolds have evolved to 

provide more regulatory steps. But how is a direct interaction observed in yeast and mammals 

transformed into indirect - adaptor one? I speculate that the answer lies in the 

unconventional MYO2 related proteins of Opistoconts (e.g. yeast), which are an effectors of 

RHO3 GTPase together with exocyst subunit EXO70. MYO2 in yeast is an unconventional 

myosin moving vesicles along actin cytoskeleton. Since ICR family shares secondary structure 

and twilight of primary structure with these proteins, they might be ancient myosins, which 

lost their original function, but preserved ability to bind GTPases in GTP dependent manner. 

2. AIMS OF THE PROJECT 
 

Due to new, unexpected results, the objectives of this dissertation project have been modified 

during the work. These are the main topics that this work includes: 

exocyst interactors – in my master thesis, I have identified some putative interactors of 

EXO70A1, C1 and G2. Following steps in candidates are validation of the interaction by 

independent method and looking for the biological relevance of the interaction 

cargo of the secretory vesicles – relationship between cell wall biogenesis and exocyst – as 

many cell wall components are synthesized in the Golgi apparatus, the reasonable question is, 

how is polarized exocytosis contributing to the delivery of the cell wall components to the 

apoplast. 
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multiplicity of EXO70 paralogs  – functional specialization? – are functions of different EXO70 

paralogs  partially redundantor at least some have adopted completely specific roles?  

3. ARTICLE SUMMARY 
 

Article 1: 

Kulich, I., Cole, R., Drdová, E., Cvrcková, F., Soukup, A., Fowler, J., and Zárský, V. (2010). 
Arabidopsis exocyst subunits SEC8 and EXO70A1 and exocyst interactor ROH1 are involved 
in the localized deposition of seed coat pectin. New Phytol. 188, 615–625. 

My contribution: I have performed majority of the experiments, except for the RT-PCR experiment 

and SEC8 complementation assay. I have also planned and written the manuscript with major 

contribution of Viktor Žárský and Fatima Cvrčková. 

Article 2 - submitted 

Kulich, I., Pečenková, T.,Sekereš, J., Smetana, O., Fendrych, M., Foissner, I., Höftberger, M. 

and Žárský, V.(2013) 

Arabidopsis exocyst subcomplex containing subunit EXO70B1 is involved in the autophagy-

related transport into the vacuole. Submitted into Traffic, under revision. 

My contribution: I have performed majority of the experiments, except for the co-

immunoprecipitation (Tamara Pečenková), TEM sample preparation (Ilse Foissner and Margit 

Höftberger), TUNEL staining (Ondřej Smetana) and the exocyst overexpression study (Matyáš 

Fendrych). I have also planned the experiments and prepared the manuscript with major 

contribution of Viktor Žárský. 

Article 3 

Pecenková, T., Hála, M., Kulich, I., Kocourková, D., Drdová, E., Fendrych, M., Toupalová, H., 
and Zársky, V. (2011). The role for the exocyst complex subunits Exo70B2 and Exo70H1 in the 
plant-pathogen interaction. J. Exp. Bot. 62, 2107–2116. 

My contribution: I participated at bioinformatic studies, based on which we have picked up 

Exo70B2 and Exo70H1 genes and interpretation of the data. 
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Article 4:  

Drdová, E.J., Synek, L., Pečenková, T., Hála, M., Kulich, I., Fowler, J.E., Murphy, A.S., and 
Zárský, V. (2013). The exocyst complex contributes to PIN auxin efflux carrier recycling and 
polar auxin transport in Arabidopsis. Plant J. Cell Mol. Biol. 73, 709–719. 

My contribution: 

I have discovered the root skewing phenotypes of exo70A1 and sec8 mutants. I have also 

independently repeated experiments with PIN2-GFP recovery after the brefeldin A (BFA) 

treatment and contributed to interpretation of these data. 

4. DISCUSSION 

4.1. CONVENTIONAL ROLES OF THE EXOCYST 
As described in the introduction, there is broad evidence, that plant exocyst participates in 

polarized growth. It seems clear, that involvement in polarized growth is linked with post-

Golgi vesicle delivery, however, a lot of data is just extrapolated from yeast model studies. 

Our study on myxospermous seed coats Article 1 documented, that core exocyst subunits 

SEC8 and EXO70A1 are not only involved in membrane, but also cargo delivery, in this case 

cell wall pectins. Since seed coat contains enormous mass of pectins, the defect is easily and 

clearly visible. Pectins are delivered to the cell wall by post-Golgi secretion, in fact, pectins can 

be visualized inside of the Golgi apparatus. On the other hand, pectin synthesis mutants like 

MUM4 have Golgi with less electron dense lumen and also with morphological deviations. 

Golgi apparatus is not polarized in the cells; its distribution appears to be more or less 

random, also in the volcano cells of the seed coat (Young et al., 2008). However, cell wall 

thickening and pectin delivery are extremely polarized, with specific pectin secretory domain, 

resulting in formation of dough-nut pectin pocket around the centre of the volcano cell. Thus, 

as in yeast, plants also maintain polarization via targeting of post-Golgi vesicles and localized 

endocytosis dependent membrane recycling. Our study therefore supports the secretory 

model of the exocyst action.  
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We observed almost total pectin accumulation defect on most 5’ terminal insertion - sec8-1c 

mutant (sec8-1 complemented with LAT52:SEC8), whereas weaker alleles - sec8-4 and sec8-6 

showed only partial defect (Article 1). So we have 3 mutations in row with decreasing 

phenotypic deviations. This is an extremely important observation showing, that pectin 

secretory defect is not due to loss of a particular domain/ regulatory amino acid with 

signalling function, but that SEC8 protein has possibly direct mechanistic role in vesicle 

tethering. All subunits of exocyst complex are rod-like α-helical proteins, thus simply making 

them shorter might affect the function or perhaps ability to assemble the full and stable 

complex. Despite the fact, that overall phenotype of sec8 and exo70A1 mutants is very similar 

(dwarfs with short root hair, defective pollen tube, root skewing etc.), exo70A1-2 does not 

have total pectin secretion defect (Article 1). This can be explained by another 23 EXO70 

paralogs in Arabidopsis, and their partial functional redundancy in different organs. Secretory 

defect of exo70A1 mutation, however, can be very distinctly observed on stigmatic papillae or 

root hairs, which are strongly affected in the mutant.  

Valuable evidence for exocyst supporting polarized secretion is provided by recent study of 

exocyst dependent PIN1 and PIN2 recycling in our laboratory (Drdová et al., 2013 -article 4). 

BFA bodies are artificial endomembrane compartments, which appear upon the treatment 

with the antibiotic brefeldin A. As brefeldin A inhibits the anterograde transport in the 

secretory pathway. This results in traffic jam caused by merging of different secretory 

pathway compartments into the BFA bodies. After BFA is washed out, cells are able to sort out 

proteins from the BFA body and restore the secretory pathway in cca 30 minutes to 1 hour. In 

exo70A1-2 mutant, however, BFA bodies remain in the cell longer time after the BFA washout 

(few more hours). Thus, also auxin transporters PIN1, PIN2 and other plasma membrane 

proteins are unable to recycle from the BFA body back to the PM (Drdová et al., 2013 - article 

4)This defect can be easily explained by the conventional model for exocyst function, where 

EXO70A1 acts in post-Golgi vesicle tethering to the plasma membrane. It seems, that in 

exo70A1 mutants, secretory events take significantly longer time to occur and whole 

endomembrane dynamics is affected (as documented for cell plate initiation delay in exo70A1 

mutant - Fenrych et al. 2010). These changes slow down the polar auxin transport and 

subsequently affect whole plant growth. 
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4.2. NEGATIVE REGULATORS OF EXOCYTOSIS? 
As mentioned in the introduction, thanks to strong sexual selection of the gametophyte and 

the plant sessility, plants have become masters of developmental adaptation, often based on 

polarization. Analyses and debates of regulation of secretion are therefore very important. 

Pectinaceous seed coat has its usually size about 100µm in Arabidopsis. There is no evidence 

for need for negative regulation of secretion in the seed coat. At the beginning of 

morphogenesis of seed coat outer layer, its cells contain abundant starch granules. These are 

subsequently consumed - possibly to produce cell wall polysaccharides such as pectins. It in 

fact seems so, that the seed coat is produced until there are some starch granules left in the 

volcano cells. From my observations, mature WT seeds contain no starch granules in the outer 

seed coat layer. Mutants of exo70A1 however contained starch granules even after seed 

ripening. Also, starch granules were larger on cross sections of embryo heart stage seeds. In 

our study, we have identified novel interactor of EXO70A1, which we named ROH1 - meaning 

in Czech corner. Gain of function mutation of this protein caused decreased size of the seed 

coat; however, mutation in the coding region did not affect the seed coat size. This might be 

due to complementation by its functional paralog, or simply because this is not biologically 

relevant and overexpression of something what interacts with EXO70A1 simply limits its 

functionality. Determination of ROH1 function is yet to be done. It may be interesting to make 

simple screen, where seeds with bigger seed coat would be separated by sieves to reveal 

negative regulators of secretion and prove/disprove their existence. 

Seed coat is only one model of polarized secretion and in plants life, there are many 

biologically relevant examples, where inhibition of secretory pathway is important. One of 

these examples is degradation of EXO70A1 paralog in Brassica napus by E3 ubiquitin ligase 

ARC1, with putative role in pollen self-incomplatibity response (Samuel et al., 2009) in 

Brassica napus, but not in Arabidopsis (Kitashiba et al., 2011). Another example is suppression 

of pathogen associated molecular pattern (PAMP) triggered immunity (PTI) which is also a 

clear example of cell polarization. Here, suppression is crucial to stop defence response after 

threat elimination or to transform PTI to effector triggered immunity (ETI) and undergo 

programmed cell death. E3 ubiquitin ligases PUB22, PUB23 and PUB24 were shown to 

suppress PTI In yeast-two hybrid screens. It is likely, that this action is achieved via 

degradation of secretory machinery (Stegmann et al., 2012). I have identified another E3 
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ubiquitin ligase – pUB25 to interact with EXO70B1 subunit (unpublished data). Specific 

degradation of EXO70 subunits is an extremely interesting field, which might provide many 

insights into adaptation of plant endomembrane machinery to multiple events, such as 

different stresses or developmental processes, where reorientation or suppression of 

exocytosis is important. 

 

4.3. PLANT PATHOGEN INTERACTION AND EXOCYST 
 

 

 

 

 

One major difference between biotic and abiotic stress is, that the biotic stressors are 

continuously evolving themselves, demanding novel defence mechanisms and new 

adaptations on the side of plants. It is therefore not surprising, that over thousands genes are 

differentially expressed in Arabidopsis upon pathogen attack (Bricchi et al., 2012) Since plant 

immunity is so different and unique in comparison with animal one, we may expect colourful 

spectrum of mechanisms, including unconventional mechanisms to which we have no 

comparison to yeast or mammalian models. For example fusion of central vacuole with 

plasma membrane might sound crazy, but to plants it provides a perfect way of spilling toxic 

vacuolar content right onto an apoplastic bacterial infection, such as Pseudomonas syringae 

(Hatsugai et al., 2009). This event might be considered both – programmed cell death, or 

highly specialized secretion. 

As mentioned in the introduction, one of examples of cell polarization is build up of secretory 

papilla – a highly specialized cell wall structure, general innate immunity mechanism of PTI to 

suppress pathogen growth and prevent penetration of the cell wall (fig. 3). Syntaxin PEN1 

(PEN from PENetration) provides a direct evidence, that secretory pathway and vesicle 

delivery is crucial for this form of defence (Assaad et al., 2004). It is therefore quite expected, 

that exocyst will be involved in this process. The big question on Exo70 family multiplicity in 

Figure 3 – illustration of the cell 
polarization during fungal pathogen 
attack  
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single species of angiosperms is partially answered here – we clearly see few paralogues being 

upregulated upon pathogen attack. When we extrapolate this on the whole family, each 

subunit may be upregulated during specific events or in specific tissues (or combination), 

providing evolutionary advantage. Such an example is also trichome specific EXO70H4, which 

is also highly upregulated by abiotic stresses such as UV-B or wounding (Jakoby et al., 2008; 

Oravecz et al., 2006). However, as we will see in next chapters, model, in which multiplicity of 

EXO70 is explained solely by differential expression, is definitely oversimplified. Yet specific 

role of EXO70H1 and EXO70B2 reveals their function also as a secretory one, since papilla, 

being in apoplast, must be secreted (Pecenková et al., 2011, article 3). Despite the fact, that 

there seems to be obvious relationship with post-Golgi vesicle tethering, we lack direct 

evidence, that post-Golgi vesicle transport is the only mechanism mediated by these two 

subunits. On the other hand, we know that there are other, unconventional secretory events, 

which also participate in secretory papilla formation. This topic is of great importance, since 

unconventional types of secretion might be the most important ones. In this respect, one of 

these unconventional secretory mechanisms is production of paramural bodies (PMB). These 

bodies are essentially multivesicular bodies, which fuse with plasma membrane, releasing 

exosomal vesicles into the apoplast. PMB have been documented in barely in two different 

situations – they typically localize into or near to secretory papilla during pathogen attack, or 

above plasmodesmata interconnecting healthy cell and cell with hypersensitive reaction. Here 

they are likely to seal off the plasmodesmata to protect healthy cells (reviewed in An et al., 

2007) 

Because variety and evolution of plant mechanisms of interaction with symbionts and 

pathogens overlap, it is not surprising, that similar behaviour of endomembrane machinery 

will be observed. In fact, perifungal membrane growth is an excellent example of polarized 

cell growth, despite the inwards orientation of the ingrowth. When we compare defensive 

secretory papilla with perifungal membrane biogenesis upon arbuscular mycorhizis, 

mechanistic developmental difference is just like the one we have seen between volcano cells 

of the seed coat and the root hair (see introduction chapter 1.2). In other words, perifungal 

membrane is a result of polarized ingrowth, whereas secretory papilla is a result of polarized 

secretion, implying, that the main difference is in the ratio of exo/endocytosis. In both cases, 

however, similar events are observed – nucleus moves to the penetration site, where intense 
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accumulation of cytoplasm is observed linked with reorientation of the cytoskeleton. These 

changes lead to formation of prepenetration apparatus (PPA) in mycorhiza, or to initiate 

secretory papilla in defence. It is therefore not surprising, that perifungal membrane also 

contains accumulated markers of secretory pathway, such as syntaxins VAMP72 or exocyst 

subunit EXO84 (Genre et al., 2012). It is likely, that other types of symbiosis require exocyst as 

well, for example infection thread induced by symbiotic nitrogen-fixing rhizobacteria and that 

specific EXO70 subunits are required for this kind of membrane ingrowth. As recent studies 

show, RNA-i suppression of one of EXO70 paralogs in Medicago truncatula disables Rhizobium 

to grow and develop properly, as polarized growth of the plant membrane surrounding the 

rhizobacterium is blocked (Garvin DF, personal communitation).  

4.4. EXOCYST, EXPO AND AUTOPHAGY  
In the manuscript of article 2, we have shown that despite well described conventional role of 

exocyst, there are functions beyond growth of plasma membrane. However, we were not first 

to document involvement of exocyst in formation of double membrane bodies. A study done 

using overexpression of EXO70 in protoplasts of Arabidopsis and in BY-2 has documented, that 

such a role might exist. These bodies, were, however declared to be a novel type of organelle 

called EXPO (exocyst-positive organelle), which does not co-localize with autohagosomal 

markers and it is not internalized into the vacuole upon concanamycin A treatment (Wang et 

al., 2010). In EXPO-body, EXO70A1, EXO70B1 and EXO70E2 subunits co-localize. Most of the 

work was, however, done on EXO70E2 subunit. Importantly, EXPO body fuses with plasma 

membrane to release exosomes into the apoplast. In our study (article 2), we show, that XFP-

EXO70B1 does enter the vacuole upon concanamycin A treatment, which is in direct 

confrontation with previous results. In my experiment, however, I have used 4 and 12 hour of 

Concanamycin A treatment. These times have been used previously in most autophagic 

studies (for example(Xiong et al., 2007)) whereas in (Wang et al., 2010) incubation was only 2 

hours long. I have watched first 6 hours of the treatment regularly and first detectable 

intravacuolar signal has appeared in cca. 4 hours after leaf infiltration, as it takes some time to 

alkalize the vacuole. Thus, experiments done by (Wang et al., 2010) need repetition with 

longer incubation time so that they can be compared with our results. Co-localization with 

autophagosomal marker is another contradictory observation. In my hands, EXO70B1 displays 

clear co-localization with ATG8f, both in the cytoplasm and inside of the vacuole. However, as 
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mentioned in discussion of article 2, already in (Wang et al., 2010), partial co-localization with 

autophagosomal marker was overlooked. 

To conclude findings from both articles, it seems likely, that (Wang et al., 2010) has observed 

autophagosomal structures, which under certain conditions fuse with plasma membrane 

instead of the vacuole. However, as we have shown, major destination of EXO70B1 –labelled 

bodies is the central vacuole. We have also shown detailed phenotypic analysis revealing 

autophagic phenotype, together with decreased amount of intravacuolar autophagosomes in 

exo70B1 mutants. 

 

4.5. ER TO VACUOLE AUTOPHAGY RELATED PATHWAY – GENERAL 

PATHWAY FOR IMPORT OF PROTEINS AND SECONDARY 

METABOLITES? 
 

Because YFP-EXO70B1 localizes on dots attached to ER, we have used ER-stress to induce 

autophagy. ER stress induced autophagy has been recently well documented (Liu et al., 2012). 

Application of Dithiothreitol (DTT) causes insufficient oxidative conditions in ER, leading to 

cystein bridge reduction, causing unfolded protein response. ER stress can be achieved also by 

application of the tunicamycin (TM), which causes defects in N-glycosylation and subsequently 

ER stress as well. Stressed ER network is fragmented and particles derived from the ER gain 

round shape and co-localize with ATG8e autophagosomal marker (Liu et al., 2012). In these 

conditions, EXO70B1 positive bodies are also mobile. Co-localization study with HDEL-GFP and 

ATG8 during these conditions is yet to be done. 

Later on, these compartments can be visualized inside of the central vacuole (if the vacuolar 

pH is neutralized by application of concanamycin A) (Liu et al., 2012).  

Now let us compare these data with previous observations on anthocyanin accumulation 

pathway. As was previously documented, anthocyanins are synthesized on cytoplasmic 

surface of ER and are transported into the central vacuole either by direct ligandin mediated 

transportation, or by vesicular pathway. This vesicular pathway can be well tracked, as 

anthocyanins have suitable properties to be observed using confocal microscopy. They first 
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localize into ER-bodies and are subsequently transported into GFP-Chi marked organelles, 

which correspond with protein storage vacuole (Poustka et al., 2007). These vacuoles then 

fuse with the central vacuole. ER bodies are also compartments strongly decorated by TT19 

anthocyanin transporter (Sun et al., 2012). Together with observations, that autophagic 

mutants produce significantly less anthocyanins (Pourcel et al., 2010), a new concept is 

emerging, with autophagy of ER being crucial element of many aspects of plants life, not only 

of stress responses, but of transportation of secondary metabolites or proteins synthesized on 

(resp. in) the ER. Schematic drawing of this pathway is displayed on as figure 4. 

  

 

 

Besides novel evidence of autophagic character of PSV (Reyes et al., 2011), there are also 

older TEM studies, which are supporting this model. During Pea cotyledon development, 

central vacuoles are replaced by protein storage vacuoles. This happens by surrounding the 

central vacuole by electron dense tubular structures, accommodating storage proteins. 

Growth of this tubular network results in autophagic engulfment of the entire central vacuole 

and its replacement by PSV (Hoh et al., 1995). Despite the lack of more detailed model, it is 

Figure 4 – schematic view of the possible autophagic  transport of 
anthocyanins to the centrral vacuole 
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apparent, that endosomal compartment originally termed PSV might have autophagic 

character and delivery more cargos than just proteins. It is also tempting to speculate, that 

tubular structures are just dilated ER domains, forming the extremely large PSV. This concept 

is surprisingly not new and has been proposed already before the era of the molecular biology 

(Marty, 1978). Autophagic character of PSV has been also documented on Maize aleurone 

cells. Here, prolamins are first synthesized in ER. In contrast to starchy endosperm, where 

protein bodies surrounded by ER membrane are the final form used for storage, in aleurone 

cells, protein bodies are engulfed into multilmembrane prevacuolar compartmens. Inside 

these PVCs, ribosomes can be still observed, documenting autophagic steps during their 

development. These compartments surprisingly do not contain ATG8a – Maize 

macroautophagy marker. This, however only means, that other ATG8 paralogs might be 

involved or ATG8 involvement is very transient, like at recently characterized ATI bodies 

(Honig et al., 2012). Interesting fact that Golgi-processed glycoproteins have been spotted 

inside of PSVs suggests, that the direct ER to vacuole pathway is not the single one and that 

more pathways meet in PSV (Reyes et al., 2011) 

5. CONCLUSION - ARABIDOPSIS EXO70 PROTEINS ARE 

NOT ONE BIG FUNCTIONAL FAMILY INVOLVED 

EXCLUSIVELY IN THE EXOCYTOSIS 
 

When I started to work with exocyst complex, one of the most tempting questions was, why 

there are 23 EXO70 paralogs in the plant. This can be explained by cell specific expression and 

existence of multiple recycling domains within one cell (Zárský et al., 2009). This is indeed very 

plausible hypothesis and there is already quite strong evidence, that Arabidopsis EXO70 family 

is not one functional family and individual EXO70 genes have individual functions, not working 

solely at post-Golgi vesicle tethering. This possibly reflects existence of different sub-

complexes with other exocyst subunits. The most surprising evidence is given in article 2 

manuscript, where we show entirely different function of exocyst subunit EXO70B1 in 

autophagy-related import into the vacuole. Importantly, in this report we also show double 

mutant of exo70A1-2/exo70B1-2. For two, partly redundant genes largely expressed in 
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vegetative tissues, we would expect synergism and drastic enhancement of the exo70A1 

phenotype by deleting another also quite abundant paralog. This however does not happen 

and there is no synergism in these two mutations. Plants look indistinguishable from single 

exo70A1 mutants, until they are cca. 5 weeks old and start to show also exo70B1 phenotypes 

(ectopic HR, early senescence, lack of anthocyanins). This is also supported by different 

interacting partners of EXO70A1 and EXO70B1. While EXO70A1 interacts with SEC3, but not 

with SEC5A (Hála et al., 2008) EXO70B1 interacts with SEC5A, but does not interact with SEC3 

(article 2 manuscript). On the other hand, both EXO70B1 and EXO70A1 interact with EXO84b 

n-terminal part (Fendrych et al., 2010). To divide EXO70 family into functional subgroups, we 

are planning a complementation study, in which we will complement exo70A1, exo70B1 and 

exo70H4 by expression of other EXO70 proteins.  
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Summary

• Polarized deposition of cell wall pectins is a key process in Arabidopsis thaliana

myxospermous seed coat development. The exocyst, an octameric secretory vesicle

tethering complex, has recently been shown to be involved in the regulation of

cell polarity in plants. Here, we used the Arabidopsis seed coat to study the partic-

ipation of the exocyst complex in polarized pectin delivery.

• We characterized the amount of pectinaceous mucilage and seed coat structure

in sec8 and exo70A1 exocyst mutants. Using a yeast two-hybrid screen, we identi-

fied a new interactor of the exocyst subunit Exo70A1, termed Roh1, a member of

the DUF793 protein family.

• T-DNA insertions in SEC8, EXO70A1 caused considerable deviations from

normal seed coat development, in particular reduced pectin deposition and defects

in the formation of the central columella of seed epidermal cells. A gain-of-

function mutation of ROH1 also caused reduced pectin deposition. Interestingly,

we observed a systematic difference in seed coat development between primary

and secondary inflorescences in wild-type plants: siliques from secondary branches

produced seeds with thicker seed coats.

• The participation of exocyst subunits in mucilage deposition provides direct

evidence for the role of the exocyst in polarized cell wall morphogenesis.

Introduction

In some plant families (Solanaceae, Linaceae, Planta-
ginaceae and Brassicaceae, which includes Arabidopsis), the
outer layer of the seed coat consists of highly specialized
cells producing pectinaceous mucilage, which is stored
between primary and secondary cell walls. On seed hydra-
tion, this material absorbs massive amounts of water and
extrudes, erupting through the cracked primary (outer) cell
wall, resulting in a seed completely surrounded by a thick
layer of mucilage. This property is known as myxospermy
(Boesewinkel & Bowman, 1995).

The outer layer of the Arabidopsis thaliana seed coat con-
sists of highly specialized ‘volcano cells’ (named according
to their characteristic shape). This layer represents an inter-
esting model for the study of localized and vectorial secretion

processes, as the pectinaceous mucilage is exported from the
epidermal cells via exocytosis (Ridley et al., 2001).
Moreover, the availability of seed coat mutants has
advanced this system as a popular model for developmental
geneticists (Haughn & Chaudhury, 2005). The mucilage-
modified 1 and 2 (mum1 and mum2) mutants produce
mucilage, but are defective in seed coat release after hydra-
tion. Recently, it has been shown that mum2 encodes a
putative b-galactosidase, important for the degradation of
b-(1–4)-galactan side-chains of pectin, which increases the
hydrophilic potential of rhamnogalacturonan I (Dean et al.,
2007; Macquet et al., 2007b). Mutants mum3 and mum5
produce mucilage with altered composition and properties
(Macquet et al., 2007a). Other mutations resulting in seed
coat phenotypes alter transcription factors (AP2 –
APETALA2, TTG1 – TRANSPARENT TESTA GLABRA1,
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TTG2 ⁄ MYB61 and GL2 – GLABRA2), most of which
(AP2, TTG1 and GL2) regulate the transcription of a puta-
tive pectin biosynthetic enzyme encoded by MUM4
(Western et al., 2004). Given that the mucilage secretory
domain is delimited by a dense network of cortical microtu-
bules, cytoskeletal mutants are also expected to show a
mucilage production ⁄ deposition phenotype. One of them,
mor1-1, has been shown to deposit a decreased amount of
mucilage at its restrictive temperature (McFarlane et al.,
2008).

Pectin deposition in the apoplast requires not only the
correct synthesis of the mucilage precursor, but also appro-
priately asymmetrically localized secretion. Surprisingly, no
secretory pathway mutants with a seed coat development-
related phenotype have been described so far. However,
involvement of the trans-Golgi apparatus has been impli-
cated, because, although Golgi stacks, often containing
mucilage, are randomly distributed in the cytoplasm of vol-
cano cells, their proliferation is correlated with the initiation
of mucilage secretion (Young et al., 2008).

The delivery of post-Golgi vesicles to the plasma mem-
brane requires the cooperation of multiple components,
such as SNARE (SNAP receptor) proteins, Rab, Rho and
Arf guanosine triphosphatases (GTPases), and vesicle coat
complexes. Among these core components, tethering com-
plexes that mediate the docking of secretory vesicles at the
target membrane appear to play a central role (Whyte &
Munro, 2002). The exocyst complex, consisting of eight
subunits – Sec3, Sec5, Sec6, Sec8, Sec10, Sec15 Exo70 and
Exo84 – is such a tethering complex. In nonplant eukary-
otes, it is known to facilitate the final stages of exocytosis
and membrane recycling at the plasma membrane (Terbush
et al., 1996). To accomplish this task, the exocyst acts as a
downstream effector of small GTPases, crucial for the teth-
ering of post-Golgi vesicles to the plasma membrane, and
thus supporting polarized secretion (Lipschutz & Mostov,
2002; Novick & Guo, 2002).

Angiosperms have homologues of all exocyst subunits;
the Arabidopsis genome encodes single copies of Sec6 and
Sec8, two copies of Sec3, Sec5, Sec10 and Sec15, three cop-
ies of Exo84 and 23 copies of Exo70 (Eliáš et al., 2003;
Hála et al., 2008). Some of these subunits are essential for
the correct growth of plant cells, for strongly polarized cell
types such as pollen tubes or root hairs, which grow by
means of tip growth. For example, sec8 mutations cause
pollen germination and pollen tube growth defects, result-
ing in absolute pollen sterility in the case of strong alleles.
The male-specific transmission defect can be rescued by the
expression of Sec8 from a pollen-specific promoter (Cole
et al., 2005). Mutants lacking EXO70A1, the most widely
expressed Exo70 isoform, exhibit significantly reduced root
hair growth, aberrant pollen with a sporophytically deter-
mined germination defect and other developmental defects,
including decreased elongation of the stigmatic papillae

(Synek et al., 2006). In both Arabidopsis thaliana and
Brassica napus, Exo70A1 is crucial for pollen acceptance,
and is specifically degraded during the self-incompatibility
response of B. napus (Samuel et al., 2009). The roothairless1
(rth1) mutant of maize, which encodes a homologue of the
SEC3 exocyst subunit, has a root hair phenotype similar to
that of exo70A1 (Wen et al., 2005).

The plant exocyst, like the exocyst in other eukaryotes, is
expected to be regulated by small GTPases, acting as effec-
tors of both RAB and ROP (Rho of plants) GTPase families.
The identification of a protein, ICR1, which interacts with
both active ROP GTPases and the exocyst subunit SEC3,
has provided the first insight into plant exocyst regulation
by ROP GTPases (Lavy et al., 2007).

Here, we present evidence that two exocyst subunits
(SEC8 and EXO70A1), together with a newly identified in-
teractor of one of them (ROH1), participate in the polarized
development of the mucilage-producing volcano cells of the
seed coat. ROH1, which is a member of a previously un-
characterized, plant-specific gene family (characterized by
the conserved domain designated DUF793), exhibits signif-
icant similarity to BYPASS1, a gene previously implied in
root-to-shoot signal transmission (Van Norman et al.,
2004). Our observations thus also provide a first clue to the
possible cellular role of DUF793 family proteins.

Materials and Methods

Plants and culture conditions

Arabidopsis thaliana ecotype Columbia-0 (Col0) lines with
T-DNA insertions were obtained from the SALK Institute
(Alonso et al., 2003). The following SALK lines were inves-
tigated: roh1-p, SALK_082841; roh1-e, SALK_075815;
roh1-d, SALK_133970. sec8-1c (sec8-1 mutant comple-
mented by LAT52::SEC8) and sec8-4 have been described
previously (Cole et al., 2005); exo70A1-2 was described in
Synek et al. (2006). Plants were grown at 22�C under long-
day conditions (LD 16 : 8 h) in soil or in peat pellets (Jiffy).

Genotype analysis

T-DNA insertions in ROH1, EXO70 and SEC8 genes were
followed by PCR genotyping of individual plants, as
described previously (Cole et al., 2005; Synek et al., 2006).
roh1 mutants were genotyped using the following primers:
LP_ROH1_E (GGAGCTGACTTGTCTTGTTGC) and
RP_ROH1_E (TCCATGAGAAAATCGGAGATG) for
roh1-e; LP_ROH1_P (CCCCATCGATTGTTGTCTA-
TG) and RP_ROH1_P (CTTTGAATTCAGCTTCG-
CAAC) for roh1-p; LP_ROH1-D (CTTCGGAGCC-
GTAACTAAAGG) and RP_ROH1-D (TTAGGTGACG-
GTAACGTGAGG) for roh1-d. The left border of the T-
DNA sequence was detected using SALK primer LBb1.3.
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Seed coat visualization and measurements

Seeds were hydrated in deionized water, inverting the tube
several times. After 20 min of imbibition, a water solution
of ruthenium red was added to a final concentration of
0.25 mg ml)1. Seeds were incubated at room temperature
for 15–20 min, washed with deionized water and evaluated
using light microscopy. Because of the high variability of
seed coat size, we used at least two, in most cases three,
generations of each mutant. Acido-alkali treatment was
performed according to Macquet et al. (2007b). Seed coat
size and starch grain size were measured in blind experi-
ments; the results were evaluated by t-test in Microsoft Excel.
All error bars shown in the figures represent standard errors.

Seed surface structural analysis

Siliques with developing seeds were fixed in 3% (w ⁄ v)
glutaraldehyde, dehydrated using an ethanol–butanol gradi-
ent, embedded in paraffin and cut into 11 lm sections
which were stained in paraffin with toluidine blue according
to Sakai (1973) and observed under transmitted light on an
Olympus BX51 (Olympus Europa GmbH, Hamburg,
Germany) with an Apogee Alta U4000 (Apogee Instruments
Inc., Roseville, California, USA) camera. To section adult
seeds, these were methylated for 12 h using 0.1 M HCl in
methanol at 60�C and microtomed at 12 lm using Shadon
Cryotome� (77200226, Shandon Sci., Astmoor Runcorn,
UK), mounted in glycerol and observed as paraffin sections.

Scanning electron microscopy (SEM) of mature seeds
was performed on a JEOL JSM-6380 scanning electron
microscope (JEOL Ltd. Tokyo, Japan) with a pressure of
25 Pa and voltage of 10 kV; coating was not necessary.

Yeast two-hybrid screening and assays

As a host strain, Saccharomyces cerevisiae Y190 was used.
EXO70A1 cDNA was subcloned into the pGBT9 vector and
used as bait to screen a Nicotiana tabacum pollen library (pro-
vided by Benedikt Kost, Warwick University, Wellesbourne,
Warwickshire, UK). Transformation was performed accord-
ing to the Clontech (Takara Bio Europe ⁄ Clontech,
Saint-Germain-en-Laye, France) MATCHMAKER GAL4
Two-Hybrid User Manual (PT3061-1), with selection on
media lacking leucine (Leu), tryptophan (Trp) and histidine
(His) and containing 30 mM 3-amino-1,2,4-triazole
(3-AT). Clones positive with both histidine selection and
b-galactosidase activity assay were isolated, restriction mapped,
and a representative of each structure was sequenced.

To demonstrate the interaction of Exo70A1 with the
Arabidopsis homolog of NtRoh1, the single-exon AtROH1
gene was cloned after PCR amplification from Arabidopsis
genomic DNA using the following primers: forward, AG
AGGATCCCCAAACAAAATCATGAGACCTG; reverse,

TTCGAAAGGATCCCCCAA TAATTCAAAACT. PCR
was performed at an annealing temperature of 58�C with
Sigma AccuTaq� DNA polymerase.

Pull-down assay

Escherichia coli BL25 Codon+ was transformed with
6 · HIS:Exo70A1 (pCAT), GST:ntROH (pGEX5x-3) and
empty vector containing glutathione S-transferase (GST)
(pGEX5x-3). For recombinant protein expression, overnight
inocula were diluted 1 : 10 with Luria–Bertani (LB)
medium, grown for 3 h and induced overnight with 0.1 mM
isopropyl-b-d-thiogalactopyranoside (IPTG) at 4�C. Cells
were then centrifuged, resuspended in Lysis Buffer (50 mM
NaH2PO4; 300 mM NaCl; 10 mM imidazole; pH 8.0) and
sonicated using a Bandelin UW 2070 sonicator (BANDELIN
electronic, Berlin, Germany) at 40% capacity. Extracts
(0.5 ml) were centrifuged to remove cell debris and incubated
for 2 h at 4�C with Ni2+-nitrilotriacetate (NiNTA) beads
(Qiagen NiNTA Agarose, lot No. 11555873) and glutathi-
one beads (Glutathione Sepharose� 4B, Amersham
Biosciences, Uppsala, Sweden, lot No.297134). The beads
were then washed four times with Washing Buffer (50 mM
NaH2PO4; 300 mM NaCl; 20 mM imidazole; pH 8.0). To
elute bound proteins, Elution Buffer (50 mM NaH2PO4;
300 mM NaCl; 250 mM imidazole; pH 8.0) was used.
Samples were then heat denatured and resolved by standard
sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on a 10% polyacrylamide gel.

Bioinformatics

Searches of the GenBank (http://www.ncbi.nlm.nih.gov)
and Joint Genome Institute (http://www.jgi.doe.gov/) data-
bases were performed as described previously (Dvořáková
et al., 2007), with the ROH1 protein sequence as a query.
Alignments were constructed and phylogenetic trees com-
puted from the protein sequence data using the neighbor-
joining (NJ) and maximum likelihood (ML) methods, as
described in Dvorakova et al. (2007).

Semiquantitative reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA was isolated from freshly harvested inflorescences
using the Qiagen RNEasy Plant Mini kit. Reverse transcrip-
tion and subsequent PCR were performed as described pre-
viously (Dvorakova et al., 2007) with the following
modifications. Primers ROH1_RTfor (CGCAAGTAATC-
AAGGCTCG) and ROH1_RTrev2 (GAAACTTTCCC-
GGCTTGCTC) were used for the detection of the ROH1
transcript; primers GAPC_F2 (CACTTGAAGGGTG-
GTGCCAAG) and GAPC_R (CCTGTTGTCGCCAAC-
GAAGTC) (Kerschen et al., 2004) were employed for the
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detection of the internal standard – glyceraldehyde-3-
phosphate carboxylase mRNA; 0.5 ll template per 10 ll
reaction was used, and PCR was performed in a Biometra
T-personal cycler (Biometra GmbH, Goettingen, Germany)
with the following temperature profile: 2 min initial
denaturation at 96�C; 30 cycles of 30 s at 92�C, 90 s at
58.6�C, 90 s at 72�C; final extension of 5 min at 72�C.
Reaction products were separated by agarose electrophoresis
with visualization using the SYBR Green stain, and
photographed on blue light irradiation on a DarkReader
transilluminator (Clare Chemical Research, Dolores,
Colorado, USA).

Results

Mutants in two exocyst subunits, sec8 and exo70A1,
exhibit reduced seed coat mucilage thickness

To investigate the putative role of the exocyst complex in
seed coat mucilage secretion, we selected T-DNA insertion
mutants in two exocyst subunits that produce viable seeds
that germinate and develop into healthy plantlets even in
the homozygous state. Six previously described mutants of
the SEC8 subunit (Cole et al., 2005) have T-DNA inser-
tions at different positions within the coding region, with
sec8-1 being most N-terminal. This mutant is probably a
null allele, and is able to produce homozygotes only after
complementing its pollen development (and subsequent
male transmission) defects using a LAT52::SEC8 transgene,
active predominantly in pollen (Cole et al., 2005). We refer
to this line as sec8-1c (complemented in pollen). Two other
alleles, sec8-4 and sec8-6, are C-terminal insertions, and
each causes only a partial male transmission defect (Cole
et al., 2005). The second exocyst subunit mutant investi-
gated was exo70A1-2. This mutant has a reduced ability to
produce viable seeds in the genetic background of the Col0
ecotype; however, after crossing exo70A1-2 into the
Landsberg erecta (Ler) ecotype background, we obtained
homozygous mutant plants that produced viable seeds in
amounts similar to the sec8-1c line.

As shown in Figs 1 and 2, the extruded mucilage layers of
all sec8 mutants are thinner than those of the wild-type. This
phenotype ranges from only marginally reduced thickness in
the sec8-6 mutants to a severe phenotype deviation in the
sec8-1c mutant line, where ruthenium red staining revealed
that no mucilage eruption had occurred. We hypothesized
that there may still be some pectinaceous mucilage present in
the sec8-1c seed coat, but its quantity may be insufficient to
crack the outer cell wall open on imbibition. To test this
hypothesis, we performed acido-alkali treatment of the
seeds, which weakens the cell wall to facilitate mucilage
release (Macquet et al., 2007b), and revealed that a very
small amount of mucilage was still present in the mutant
(Fig. 3). To verify that this phenotype is caused by the

mutation of SEC8, we complemented sec8-1 mutants
with the SEC8 cDNA under its native promoter. In the com-
plemented mutant, the extrusion of mucilage and the
development of volcano cells was restored to levels similar to
those of the wild-type (see Supporting Information Fig. S1).

The exo70A1-2 seeds also produced significantly less
mucilage (Figs 1 and 2), but the phenotype was less dra-
matic than that of sec8 mutants. This might be a result of
partial redundancy with other Exo70 paralogs. Sectioning
of seeds revealed obvious differences between wild-type and
exo70A1-2 mutants at the heart stage of embryo seed
development (Fig. 4). At this stage, mutants exhibit much
smaller pectinaceous pockets, together with larger starch
grains (average grain diameter of 4.3 lm in the mutant and
3.4 lm in the wild-type, t-test P value of 2 · 10)5); more-
over, starch grains are localized outside the central part of
future columella, that is in an area which is devoid of starch
in developing wild-type volcano cells.

Exocyst mutants show altered seed surface pattern

A defect in the generation of seed coat mucilage is not nec-
essarily linked with a change in seed appearance (Dean
et al., 2007). Yet, the reduction of mucilage deposition
could be accompanied by alterations in the structure of the

Fig. 1 Quantitative analysis of seed coat mucilage thickness after
imbibition, based on staining with ruthenium red. In the mutants
sec8-6, sec8-4, sec8-1c, exo70A1-2, roh1-p and roh1-e, thicknesses
are significantly smaller than the control (P for sec8-6 and sec8-4 are
0.0022 and 2.6 · 10)6, respectively; all other mutant values are
smaller than 1 · 10)10). Col0 ⁄ Ler primary – seeds from primary
inflorescence; Col0 ⁄ Ler secondary – seeds from secondary inflores-
cence; Col0 ⁄ Ler combined – seeds from whole plant. For mutants
and Ler, only data from the pooling of seed from primary and sec-
ondary inflorescences are shown. Error bars represent standard
errors. By t-test, seed coat mucilage is significantly thinner in wild-
type primary than wild-type secondary in both Col0 and Ler
(P = 5.12 · 10)14 and 3.6 · 10)5, respectively).
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CoI0

100 µm

sec8-1c

roh1-e

Fig. 3 Seed coat after acido-alkali treatment,
stained with ruthenium red. Scale bar in Col0
is valid for all panels.

Ler CoI0

roh1-e exo70A1-2

sec8-4 sec8-1c

250 µm

Fig. 2 Seed coat mucilage after imbibition of
wild-type, sec8, exo70A1-2 and roh1-e

mutants, stained by ruthenium red. Wild-
type Arabidopsis ecotypes Landsberg erecta
(Ler) and Columbia-0 (Col0); roh1-e, sec8-1c

and sec8-4 are in Col0; exo70A1-2 is in the
Ler background. Scale bar in Ler is valid for
all panels.
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seed epidermis. Sectioning (Fig. 5) and SEM (Fig. 6) of the
seed surface revealed that mutations in both SEC8 and
EXO70A1 loci cause obvious deviations from the typical,
more or less hexagonal shape of volcano cells with a muci-
lage deposition domain surrounding the central columella.
Both exo70A1-2 and all three sec8 mutants have more rect-
angular cells, and the seed surface is generally flattened. In
sec8 mutants, the columella is mostly absent and develops
only rarely and in an aberrant form, whereas, in exo70A1-2
seeds, the columella is present but appears flat and
extended. Cross-sections of mature wild-type and mutant
seeds confirmed that both the sec8-1c and sec8-4 lines form
a flat epidermal layer with very small pectin compartments,
The columella either does not develop, or is present in only
a rudimentary form (Fig. 5).

AtEXO70A1 interacts with ROH1, a paralog of
BYPASS 1

To identify possible regulators and effectors of exocyst, we
screened yeast two-hybrid libraries for Exo0A1 interactors,
and identified several candidates in an N. tabacum pollen
library. As T-DNA insertion mutants for Arabidopsis
homologues of these interactors were available, we used seed
coat mucilage in these mutants as a marker for the evalua-
tion of the biological significance of our interactors. Here,
we focus on one such interactor (GenBank Accession
EU596604), found as two independent clones in the yeast
two-hybrid screen. Its A. thaliana homologue, At1g63930,
also interacts with Exo70A1 and, importantly, Arabidopsis
plants that are mutant for this gene exhibit a seed coat
developmental defect. We propose naming this gene ROH1
(from the Czech word ‘roh’, which means a corner), refer-
ring to the characteristic pattern of pectin deposition to the
corners of the cross-sectioned volcano cells (Fig. 5, marked

as ‘m’). To verify interaction of ROH1 with EXO70A1, we
used both yeast two-hybrid and in vitro pull-down assays
(Fig. 7). We also observed an interaction between Roh1 and
the paralog Exo70C1 in the yeast two-hybrid assay (data not
shown), suggesting that ROH1 may be a promiscuous inter-
actor with more than a single protein of the Exo70 family.

ROH1 (At1g63930) is a single-exon gene encoding a
415-amino-acid protein containing a conserved domain of
unknown function, DUF793 (InterPro: IPR008511).
Database searches revealed at least 10 additional proteins
containing DUF793 in Arabidopsis (At1g01550, At1g
18740, At1g22030, At1g43630, At1g74450, At1g77855,
At2g46080, At4g01360, At4g11300, At4g23530), numer-
ous relatives in other angiosperms, two cDNA sequences
from pine and six members of the family in the moss
Physcomitrella patens (see Figs 8, S2), but no relatives in
algae (including Prasinophyta) or nonplant species. None
of the Arabidopsis members of the family have been func-
tionally characterized so far, with the exception of
At1g01550, which is identical to BYPASS1 (BPS1), a gene
identified on the basis of a mutation affecting root–shoot
signaling. The molecular mechanisms underlying the devel-
opmental phenotype of bps1 mutants remain unknown,
although evidence suggests that BPS1 is involved in the pro-
duction and ⁄ or transmission of a carotenoid-derived signal
that inhibits shoot growth from the root (Van Norman
et al., 2004; Van Norman & Sieburth, 2007). However, a
phylogenetic tree constructed using both NJ and ML
methods places ROH1 on a branch of the DUF793 family
distinct from that harboring BPS1 (Fig. 8).

Expression of ROH1 affects seed coat formation

We obtained three mutants with T-DNA insertions in the
ROH1 gene, roh1-p (insertion in ROH1 promoter

Ler

exo70A1-2

Fig. 4 Sections of exo70A1-2 mutant seeds
in heart stage (5 d after anthesis) of seed
development with wild-type Ler. Mutant
seeds have less pectinaceous extracellular
matrix (em) on their outer surface. Arrows
point at starch grains.
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sequence), roh1-d (insertion in the coding sequence) and
roh1-e (insertion in the 3¢-untranslated region immediately
downstream of the stop codon, erroneously annotated as
residing within the CDS; see Fig. 9). Intriguingly, plants
carrying either of the two mutant alleles with insertions out-
side of the coding sequence produce significantly less mucilage
than wild-type seeds (P < 1 · 10)15) (see Figs 1 and 2). As
in the case of stronger sec8 mutant alleles, the mucilage
amount is often insufficient to crack fully the outer cell wall
after imbibition, but can be released using acido-alkali treat-
ment (Fig. 3). However, unlike the exocyst subunit
mutants, roh1 mutants do not exhibit alterations in seed
surface structure detectable by SEM or light microscopy
(Figs 5 and 6). The effects of both mutations were

semidominant, with heterozygous plants exhibiting an
intermediate phenotype (see Fig. S3).

As roh1-p and roh1-e T-DNA insertions reside outside of
the ROH1 open reading frame (ORF), the phenotype might
be due to alterations in the expression level of the ROH1
gene. According to publicly available microarray data
(Zimmermann et al., 2005; Winter et al., 2007), ROH1 is
co-expressed with several members of the Exo70 family (see
Fig. S4); it is mainly expressed in cells expanding in a polar
manner (pollen, root hair, etc.), further suggesting its
involvement in a polarized secretory pathway. In the micro-
array data, ROH1 exhibits a very low level of expression in

WT CoI0

roh1-p

exo70A1-2

sec8-4

sec8-1

Fig. 5 Sections of mature seeds of wild-type (WT) and mutants.
Mucilage (m) surrounds the columella (c). Brown layer consists of
seed coat layers underneath volcano cells. Scale bar is 20 lm long
and valid for all panels.

Fig. 6 Scanning electron microscopy images of seed coat surfaces.
Scale bars are valid for entire columns.
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most above-ground organs, with relatively higher levels in
the inflorescences (possibly because of the presence of pol-
len in these samples). Nevertheless, we were unable to detect
the transcript in wild-type inflorescences via standard semi-
quantitative RT-PCR. However, we readily detected the
ROH1 signal in inflorescences of both roh1-p and roh1-e
mutants under identical conditions, indicating that the T-
DNA insertions indeed cause the upregulation of the tran-
script (and, possibly, an accompanying overexpression of
the Roh1 protein), rather than the loss of function of the
ROH1 gene (Fig. 9), consistent with their semidominant
phenotype.

To compare a possible knockout mutation with these
two semidominant alleles, we assessed plants carrying the
third allele (roh1-d), as the insertion disrupts the reading
frame. Unlike roh1-e or roh1-p, roh1-d mutants did not

exhibit any significant differences from the wild-type in
either seed coat structure or mucilage layer thickness (data
not shown). This further supports the idea that roh1-e and
roh1-p phenotypes are a result of misregulation rather than
loss of function of the gene.

Primary and secondary inflorescences produce seeds
with different seed coat size

During the course of our seed coat measurements, we
noticed that seeds from secondary Arabidopsis inflorescences

Fig. 7 Interaction between NtRoh1 and Exo70A1. Top – a yeast
two-hybrid experiment, growth in restrictive conditions (–His plates;
3-aminotriazole; AD, activation domain construct; BD, binding
domain construct). Bottom – pull-down assay using
6 · HIS:Exo70A1 (black arrows), GST:ntROH1 and GST (white
arrows) with Ni2+-nitrilotriacetate (NiNTA) beads [demonstrating
that 6 · HIS:Exo70A1 protein does not bind glutathione
S-transferase (GST)] and glutathione (GS) beads (demonstrating
binding of 6 · HIS:Exo70A1 with GST:ntRoh1, but not free GST).

Fig. 8 An unrooted neighbor-joining (NJ) tree of DUF793-contain-
ing proteins from several plant species (At, Arabidopsis thaliana;
Ipni Ipomoea nil; Nb, Nicotiana benthamiana; Nt, Nicotiana
tabacum; Pp, Physcomitrella patens; Ps, Picea sitchensis; Pt,
Populus tremula; Os, Oryza sativa; Vv, Vitis vinifera). With the
exception of the ROH and BPS genes, specifically discussed in this
paper, Arabidopsis and rice sequences are denoted by standard locus
identifiers, moss sequences by JGI database Protein IDs, and the
remaining sequences by GenBank or Uniprot accessions preceded by
species abbreviations. Nicotiana benthamiana NbBPS1 and NbBPS2
correspond to GenBank accessions ABX26124 and ABX26123,
respectively. Bootstrap values for the tree shown (out of 500 repli-
cates) are indicated above each branch; bootstrap values of a maxi-
mum likelihood (ML) tree from the same data are shown below the
branches. The ML version of four significantly different branches
that disagreed with the NJ tree is shown by dashed lines, with
bootstrap values in italics. The presumed position of the only
partially sequenced NtROH1 gene isolated in our primary two-
hybrid screen (GenBank EU596604) is shown by dotted brackets;
the ROH1 and BPS1 subfamilies are shaded.
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and inflorescence branches exhibited a consistently thicker
seed coat than those from primary inflorescences. This phe-
nomenon was consistently observed in both Col0 and Ler
wild-types (Fig. 1) and in mutant plants (not shown).
However, in all cases, differences between wild-types and
mutants were sufficiently prominent to allow the pooling of
seeds from whole plants, albeit at the expense of somewhat
increasing the observed variation (Fig. 1).

Discussion

As already proposed by others (Western et al., 2000), the
development of the mucilage coat of myxosperm seeds
(such as those of Arabidopsis) provides a good model for
studying mechanisms of polarized secretion. In the present
study, we showed that two subunits of the exocyst, a major
regulator of eukaryotic exocytosis, are crucial for correct
seed coat development. Although we have focused so far
only on exocyst subunits Sec8 and Exo70, it is likely that
other subunits of this complex will also be important for
seed coat development, as the exocyst complex is a func-
tional biochemical entity in angiosperms (Hála et al.,
2008). Although EXO70 is encoded by multiple genes, the
EXO70A1 gene included in this study presents a highly
expressed, ‘housekeeping’ member of the EXO70 gene
family, whose loss cannot be fully compensated by other
paralogs (Synek et al., 2006). The observed differences in
seed development in Col0 and Ler backgrounds might be
attributed to varying expression levels of other paralogs –
for example, EXO70A2 is more strongly expressed in Ler
than in Col0 according to publicly available microarray data
(Winter et al., 2007). In addition, we have shown that a
newly identified interactor for Exo70A1, Roh1, can also

influence the same process (accumulation of seed coat muci-
lage), apparently when it is misregulated, and possibly over-
expressed, in the seed.

The observed defects in the seed coat of exocyst and roh1
mutants can be interpreted as a result of defects in the pro-
cess of exocytosis. Lack of mucilage in the exocyst mutants
correlates with other exocyst phenotypes, suggesting a defect
of secretion-dependent cell expansion, such as decreased
root hair length, pollen tube growth rate or hypocotyl
expansion in the dark (Cole et al., 2005; Wen et al., 2005;
Synek et al., 2006; Hála et al., 2008). Mutant seeds either
produce less pectin, or are delayed in transferring pectins to
the cell wall, secondarily slowing down seed coat morpho-
genesis. If the exocyst functions as a docking ⁄ tethering
complex in seed coat pectin deposition, it is likely to be
specifically targeted to the ‘corner’ domain of the seed
epidermal cell, which develops prominent and very special
cortical assembly of microtubules (McFarlane et al., 2008).
The aberrant shape and underdevelopment of the columella
raise the possibility that correct secretion of mucilage in
seed coat cells might be crucial for the rise of the columella,
as the columella is formed by a thick secondary cell wall,
synthesized subsequent to mucilage secretion. This possibility
is also implied by Western et al. (2000). Alternatively, the
lack of noticeable changes in columella formation in the
two roh1 mutants, which have altered mucilage accumulation,
indicates that columella development is not completely
dependent on the presence of mucilage.

Interestingly, we noticed significant differences between
the amount of mucilage in seed coats formed on the pri-
mary and secondary inflorescences, even in wild-type plants.
Apart from an obvious methodical aspect (i.e. differences in
seed coat size have to be taken into account when evaluating
phenotypes), these differences might be evolutionarily
meaningful. In agreement with the general survival strategy
of A. thaliana as an opportunistic ruderal plant, it may be
advantageous to produce seeds at first as quickly as possible
(and with a smaller energy investment) in order to generate
at least some progeny. However, later, after the develop-
ment of more source biomass, higher quality seeds
surrounded by more mucilage can be produced, perhaps
resulting in increased tolerance to transient water deficit
during germination, which may contribute to the broaden-
ing of the available niche.

In mammals and yeast, the exocyst is controlled by multi-
ple regulators, including, in particular, small GTPases. In
plants, the situation is likely to be similar, at least in part. In
order to identify possible regulators of the plant exocyst, we
performed a yeast two-hybrid screen using the Exo70A1
subunit as bait, and identified an interacting protein, Roh1,
whose mutational misregulation (probably overexpression)
results in a seed coat developmental defect reminiscent of
that seen in the exocyst subunit mutants. These results,
together with expression data that suggest co-regulation

Fig. 9 Top: map of the ROH1 gene with sites of T-DNA insertions
(CDS marked by a box, transcript by a black arrow). Open arrows
denote T-DNA insertion sites (p corresponds to the roh1-p allele, e
to roh1-e and d to roh1-d). Bottom: expression of ROH1
in wild-type and mutant inflorescences, as detected by reverse
transcription-polymerase chain reaction (RT-PCR) [with glyceralde-
hyde-3-phosphate dehydrogenase subunit C (GAPC) as internal
standard]. For each allele, the azygous sister control (WT) is shown.
Note that the position of the T-DNA insertion in the roh1-d allele
excluded its detection in the RT-PCR experiment.
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between ROH1 and several EXO70 family genes (Fig. S1),
support a functional link between ROH1 and the exocyst.
However, mutational disruption of the ROH1 ORF (roh1-
d) causes no readily observable phenotype, and, in particular,
no alterations in the seed coat. This raises the possibility
that ROH1 may not have any function in the seed coat in
the wild-type, but that its misexpression in these cells inter-
feres with exocyst function, thus inducing the observed
phenotype. Alternatively, ROH1 function in the seed coat
may be obscured in the knockout mutant by redundancy, as
ROH1 is a member of a family of at least 11 Arabidopsis
genes, including two closely related paralogs. According to
public microarray data, one of these (At4g11300) is
expressed in all organs except ripening siliques (Winter
et al., 2007), and thus could easily replace a mutant ROH1.
However, given the wide array of phenotypes associated
with exocyst mutants, we cannot explain why the semidom-
inant roh1 alleles produce viable progeny with no drastic
growth, developmental or other readily observable pheno-
types apart from seed coat reduction. It should be noted
that certain aspects of the roh1 mutants have yet to be evalu-
ated in detail, in particular, pollen transmission rates and
the quantification of root hair growth.

ROH1 and its relatives contain a conserved, plant-specific
domain previously annotated as DUF (domain of unknown
function) 793. Whilst searching for additional members of
the family, we noticed that a somewhat divergent version of
this domain can also be found in the Arabidopsis BPS1
(BYPASS1) gene of unknown molecular role which has been
identified on the basis of a mutation that caused aberrant
development of leaf blades and their vasculature. The pri-
mary defect of bps1 loss-of-function mutants is thought to
be caused (at least in part) by the overproduction of a carot-
enoid-based, graft-transmissible signal molecule in the root,
which is taken up in the shoot to affect its development (Van
Norman et al., 2004; Van Norman & Sieburth, 2007). It is
tempting to speculate about a possible role for Bps1 as an
inhibitor of a secretory event that is crucial for the produc-
tion, transmission or perception of this signal. In this view,
interaction of Bps1 with the exocyst would allow the control
of exocytosis for this process. Indeed, our observations are
consistent with another DUF793-containing protein, Roh1,
which can act as a negative regulator of secretion, as its pre-
sumed overexpression results in seed coat reduction similar
to that seen in exocyst loss-of-function mutants. However, as
ROH1 and BPS1 represent different branches of the exten-
sive family of DUF793-containing proteins, it is possible
that each may regulate different targets, possibly even in a
different manner. Nevertheless, the present report provides
evidence of a biologically relevant molecular interaction with
a protein of the DUF793 family and suggests that it may
have the potential to inhibit secretion.

A recently published detailed analysis of the mucilage
secretion domain of the plasma membrane in Arabidopsis

seed coat cells has defined a specific docking domain for
secretory vesicles with pectinaceous cargo (McFarlane et al.,
2008). As Exo70 exocyst subunits are known to function as
a landmark for vesicle docking in yeast and mammals
(Boyd et al., 2004; Wu et al., 2009), its interactor Roh1
might influence this possible landmark function of the plant
Exo70A1 protein.
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Abstract 

Autophagic transport to the vacuole represents 
an endomembrane trafficking route, which is widely 
used in plants, not only during stress situations, but also 
for vacuole biogenesis and during developmental 
processes.  

Here we report a role in autophagic membrane 
transport for EXO70B1 - one of 23 paralogs of 
Arabidopsis EXO70 exocyst subunits. EXO70B1 positive 
compartments are internalized into the central vacuole 
and co-localizes with autophagosomal marker ATG8f. 
This internalization is boosted by induction of 
autophagy. LOF mutations in exo70B1 cause reduction of 
internalized autophagosomes inside the vacuole. Mutant 
plants also show ectopic hypersensitive response 
mediated by salicylic acid accumulation, increased 
nitrogen starvation susceptibility and anthocyanin 
accumulation defects. Anthocyanin accumulation defect 
persists in npr1x exo70B1 double mutants with salicylic 
acid signaling compromised, while ectopic 
hypersensitive response is suppressed. EXO70B1 
interacts with SEC5 and EXO84 and forms an exocyst 
subcomplex involved in autophagy-related, Golgi-
independent membrane traffic to the vacuole. 

We show that EXO70B1 is functionally 
completely different from EXO70A1 exocyst subunit and 
adopted a specific role in autophagic transport. 

Introduction 

The plant vacuole is a very diverse and dynamic 
organelle with many sub-types and complicated 
endomembrane trafficking relationships depending on 
the tissue type and external conditions (1,2). In general, 
two major types of vacuoles are distinguished: protein 
storage and lytic vacuoles. In differentiated cells, these 
vacuoles normally fuse into a large central vacuole (3) . 
The best mapped and understood transport pathway 
into the vacuole is Golgi-dependent transport  via 
prevacuolar compartment/MVB, which represents an 
important junction between the plasma membrane 

(PM), the trans-Golgi network/early endosome (TGN/EE) 
and the vacuole (4). For specific types of protein storage 
vacuoles, and recently also for anthocyanins (5) a direct 
pathway from the ER to vacuole bypassing GA was 
described via precursor accumulating vesicles (reviewed 
in (6)). This pathway overlaps with ER-to-vacuole 
protein-sorting route (of some storage proteins), where 
anthocyanins can be visualized in ER-bodies and in GFP-
Chi labeled vacuoles. Since Brefeldin A (BFA) has no 
effect on anthocyanin accumulation, this mechanism is 
Golgi-independent (7). This pathway is also likely to 
include autophagic steps, as ATG mutants show some 
anthocyanin accumulation defects (7).  

There are obviously more unconventional types 
of transport into the vacuole, often involving autophagy 
and autophagy-related mechanisms. The canonical 
autophagy, known as macroautophagy, is the best-
characterized autophagy pathway. It involves 
engulfment of cellular components resulting into 
autophagosome formation with two membranes of 
phagophore, which later fuses with a lytic vacuole. It is 
known to be especially induced by nitrogen and carbon 
starvation (8–10). From studies on non-plant organisms 
we know, that the term autophagy includes several 
mechanisms with the different membrane contributions 
to build up phagophore – ER being an important starting 
compartment for this process (11,12). Plants with 
defective components of autophagic pathway display 
leaf chlorosis and have impaired survival under both 
carbon and nitrogen starvation. Also changes in 
anthocyanin accumulation (7) and defense against 
pathogens were observed when compared to WT plants 
(see refs. (13) and (14)). Anthocyanin accumulation 
defects are not severe, as there are two alternative 
import pathways for anthocyanins into the vacuole: (A) - 
a direct transmembrane transport of anthocyanins via 
GST-ligandins tonoplast transporters (LT pathway), and 
(B) - vesicular dependent autophagy-related pathway of 
anthocyanin containing vesicles from ER into the 
vacuolar lumen (VT pathway, (5)). The LT transport can 
be effectively inhibited by various drugs as e.g. 1-chloro-
2-4-dinitrobenzene (CDNB) or DL-Buthionine-(S,R)-
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sulfoximine (BSO) to study specifically VT transport (5). 
In these experiments, anthocyanin synthesis can be 
boosted artificially by addition of its precursor 
naringenin to culture media; naringenin is a product of 
chalcone isomerase, downstream of chalcone synthase 
(5).  

Importantly, Arabidopsis autophagy (atg) 
mutants display early senescence phenotype, which can 
be suppressed by mutation in npr1-1 – an essential 
component of salicylic acid (SA) signaling pathway or by 
NahG transgene (SA degradation) (15). Genes for core 
components of autophagy pathway are conserved and 
expressed constitutively in plants which implies their 
essential housekeeping function; however, they are 
strongly upregulated in a response to starvation (16–18). 

Recently a new surprising player in the process 
of autophagy emerged. Octameric complex exocyst was 
originally discovered as a tethering complex between 
vesicles and plasma membrane prior to exocytosis, 
driven by SNARE complex, is initiated (19,20). In 
mammalian epithelial cells, SEC5 and EXO84 are 
accumulated in distinct membrane organelles and along 
with the small GTPase RalB acts as a regulatory switch, 
promoting autophagosome assembly under amino acid 
deprivation. Upon starvation RalB GTPase is activated, 
binds to the inactive (in context of autophagy) exocyst 
subcomplex which loses SEC5 subunit and incorporates 
EXO84 instead and allows phosphorylation of ULK1 and 
activation of other autophagosome formation regulators 
(BECN 1, ATG14L and VPS15/VPS34) and autophagosome 
initiation (21). In plants, exocyst complex genes are 
conserved and some subunits have evolved into large 
gene families over the land plant evolution - esp. the 
EXO70 family (22,23) While the role of exocyst in 
secretion and polarized cell growth is well established 
also in plants (24–27), we report here that surprisingly 
also in plants specific version of exocyst complex 
harbouring EXO70B1 along with EXO84b and Sec5 
subunits is an important regulator of autophagosome 
formation and autophagy-related Golgi independent 
import into the vacuole.  

Results 

Arabidopsis exo70B1 mutant plants show 

ectopic hypersensitive reaction due to SA 

hyperaccumulation 

We have investigated exocyst vesicle tethering 
complex subunit EXO70B1 gene function (encoded by 
single exon) in two GABIKAT 3’-end LOF insertional lines: 
GK-114C03 and GK-156G02 - exo70B1-1 and exo70B1-2, 
respectively. Phenotypic deviations of these two lines 
were identical. Therefore, we have picked only exo70B1-

2 allele for our following experiments. As a positive 
control for evaluation of autophagic phenotypic 
deviations, we have used atg5 mutant. Unfortunately, 
already published mutant atg5-1 was unavailable from 
the community, therefore we have obtained and 

characterized a new allele (SALK_020601) and named it 
atg5-3. atg5-3 mutation is located in the very start 
codon of the ATG5 CDS and it showed phenotypic 
deviations matching fully deviations described for atg5-1 
mutant (15). Presence of minor PCR product is likely not 
an indication of a functional transcript (Fig.1 B).  

RT-PCR analysis of the exo70b1-2 mutant line has 
revealed, that this line is knock-down mutant, lacking 3’ 
terminal part of the mRNA (Fig. 1 B,C). 35 days after 
germination (DAG), the leaves of exo70B1-2 mutants 
become epinastic, twisted and small spontaneous 
lesions appear on the mutant leaves (Fig.1 A). These 
symptoms also appear on axenic plants grown in vitro, 

excluding involvement of pathogen interaction in 
phenotypic deviations incidence (suppl. fig. 1C). Lesions 
spread and result in death of most of leaves. This is 
slightly different in atg5-3 mutant, where progress of 
programmed cell death caused no lesions, but early 
yellowing of the whole leaves (Fig. 1 A). Eventually, a few 
small leaves grow from the center of the rosette, giving 
this mutant a dwarfed appearance. Interestingly, the 
development of lesions on exo70B1 mutants is 
dependent on light dosage. Intensities over 750 µM.m-

2
.s

-1
 fully rescued mutants from the lesion formation 

(Suppl. Fig. S1 A). Lesion appearance on exo70B1 
mutants indicates that ectopic hypersensitive response 
(HR) might occur. We have tested HR presence by 3 
methods: detection of apoptotic DNA fragmentation by 
terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) on exo70B1-2 sections; semi-
quantitative RT-PCR of cell death markers; and 
phytohormone analysis together with the suppression of 
lesion formation by npr1-1 mutation (Fig.1, Suppl. Fig. S1 
B). HR markers, which we have tested in exo70B1-2 
mutant, included vacuolar processing enzymes (VPEs) 
and PR1. We detected dramatic up-regulation of PR1, 

slight up-regulation of αVPE, while γVPE mRNA was 
similarly present in both mutant and WT, as expected in 
plants 20 days after germination ( DAG , Fig. 1 D)(28). 
Expression of PR1 genes is induced by salicylic acid (SA) 
accumulation; therefore we estimated levels of SA and 
other acidic phytohormones in leaves of mutant plants. 
Not only SA, but also levels of several acidic hormones 
(incl. JA and ABA) and their derivates were increased, 
except for gibberellic acid and its derivates (Fig. 1 C). To 
further prove, that lesions formation is due to hyper-
accumulation of SA and SA-dependent signaling, we 
crossed exo70B1-2 mutant with npr1-1 – mutant 
insensitive to SA. Double mutant plants exo70B1-2/npr1-

1  lost characteristic appearance of exo70B1-2 plants 
(Fig. 1 A). But similarly like in atg5-1 mutant (15), early 
yellowing of leaves, with chlorotic shoots was still visible. 
This is logical, since npr1 mutation does only knock down 
SA signaling, but not hyper accumulation of SA.  (Fig. 1 
A). Thus, we conclude, that exo70B1 mutant ectopic 
hypersensitive reaction is caused by hyper accumulation 
of SA in the exo70B1 mutant plants. This conclusion fits 
with TUNEL staining, which has revealed massive 
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genomic DNA fragmentation, as is expected during HR 
(Suppl. Fig. S1 B). 

exo70B1-2 mutant seedlings are hypersensitive 

to nitrogen starvation, but not to the carbon starvation 

In next steps, we compared exo70B1-2 mutant 
with autophagic mutant atg5-3 stressed by nitrogen and 
carbon starvation. Seedlings of exo70B1-2 were affected 
by nitrogen starvation more than WT plants and showed 
decreased size of cotyledons, similarly like atg5-3 
mutant. This difference was enhanced in homozygous 
plants of double mutant, when we crossed exo70B1-2 
mutant with another mutation in exocyst subunit -sec5a-

1 (26) (Fig. 1E). 
 As it was shown previously atg5-1 mutant is 

highly susceptible to carbon starvation and cannot 
recover after 6 days of the starvation treatment (14). 
Similarly, atg5-3 seedlings also have not survived 6 days 
carbon starvation. In contrast, exo70B1-2 mutant, or 
sec5/exo70B1-2 double mutant have survived this 
treatment just like WT control (Fig. 1F). This however, 
was different, when we repeated the experiment with 
adult plants, which failed to recover and have died just 
like atg5-3 (data not shown). This could be a result of 
boosted progress of hypersensitive cell death due to SA 
hyperaccumulation rather than inability to remobilize 
nutrients. 

 
Vesicular trafficking of anthocyanins into the 

vacuole is compromised in exo70B1-2 mutant 

On strong light, ectopic hypersensitive reaction 
in exo70B1 mutants does not appear (see above), but 
another mutant phenotype appears - exo70B1 -2 plants 
show strongly decreased anthocyanin pigment 
accumulation. We have observed this phenotype on 30-
day old rosettes transferred for 7 days to anthocyanin 
inductive conditions - both sunlight (long day) and short 
day (100 µM.m

-2
.s

-1 
PAR) with additional soft UV 

irradiation (see methods). To estimate anthocyanin 
pigment content, we have measured absorption of 
methanol eluate from leaves at 400-600nm (anthocyanin 
absorption peaks at 530nm). In exo70B1 mutant plants, 
amounts of anthocyanin were dramatically reduced to 
almost undetectable levels in both light conditions (Fig. 2 
A). Similar, but less dramatic phenotypic deviation was 
observed on 6 days old etiolated seedlings, where 
anthocyanin accumulation was induced by 3% sucrose 
(Fig.2 B). Decreased anthocyanin accumulation in 
exo70B1 mutants indicates that either synthesis, or at 
least one of the two described anthocyanin transport 
pathways to the vacuole (GST-ligandin vs VT pathway) is 
crippled. To distinguish between these possibilities, we 
used treatments with naringenin - product of chalcone 
isomerase, downstream of chalcone synthase (CHS) and 
with 1-chloro-2-4-dinitrobenzene (CDNB) – a substrate 
of GSTs, which saturates (i.e. competitively inhibits) 
vacuolar GST-ligandin dependent pathway. Naringenin 
treatment is crucial to rule out defects in anthocyanin 
synthesis, as MAMP (microbe associated molecular 

pattern) triggered immunity (MTI) was recently shown to 
down regulate CHS on both transcription and 
translation/protein levels suppressing anthocyanin 
accumulation (29).  

When the seedlings supplied by naringenin were 
pre-treated by 0,1 mM CDNB, anthocyanin accumulation 
was fully suppressed in exo70B1-2 mutant, whereas 
there was only partial suppression in WT control (Fig. 2 
D). Thus, chemical inhibition of LT pathway reveals 
defect of the vesicular transport of anthocyanins in 
exo70B1-2 mutant. exo70B1-2 mutant rescued by npr1-1 
from necrotic lesions formation retained fully the 
anthocyanin accumulation defect (Fig. 2 E). This further 
supports hypothesis, that anthocyanin accumulation 
phenotype is not a secondary derived phenotype caused 
by SA hyperaccumulation. To be sure, that the defect is 
downstream of CHS, we have also performed 
semiquantitative RT-PCR on CHS transcript. In exo70B1-2 
mutant seedlings induced by 3% sucrose for different 
time period, CHS mRNA was induced similarly as in the 
WT (Fig. 2 F).  

YFP-EXO70B1 complements the exo70B1-2 

mutation and co-localizes with anthocyanin 

containing compartments 

To investigate subcellular localization of 
EXO70B1, we have created N-terminal YFP and EOS 
fusion proteins under the ubiquitin promoter (YFP-
EXO70B1 and EOS-EXO70B1) and transformed them into 
the exo70B1-2 heterozygous plants (to be able to get 
segregating progeny for mutant complementation). 
Despite the fact, that there was overall very little 
fluorescence, EOS-EXO70B1 construct has successfully 
complemented mutant phenotype of exo70B1-2 (Suppl. 
Fig. S2 A). As was indicated in (30), YFP-EXO70B1 
localizes into small, mostly static spherical bodies, 
slightly visible also in DIC. We took an advantage of 
autofluorescent properties of anthocyanin pigments (5) 
and detected anthocyanin pigment co-localization with 
YFP-EXO70B1 in etiolated hypocotyls, where 
anthocyanin synthesis was induced by 3% sucrose. Co – 
localization was well visible 12 hours after addition of 
sucrose. Later on, the signal was hard to track due to the 
strong vacuolar background (Fig. 3). 

EXO70B1-positive compartments are 

internalized into the vacuole and co-localize with 

the ATG8f-positive autophagosomal membrane 

bodies in Arabidopsis 

YFP-EXO70B1 positive bodies could be visualized 
inside of the central vacuole, after vacuole alkalinization 
by concanamycin A (ConcA). To investigate relationship 
of these bodies with autophagosomes, we have used 
tunicamycin (TM), which was recently shown to strongly 
induce ER stress triggered autophagy in Arabidiopsis 

(31). Amount of intravacuolar YFP-EXO70B1 bodies after 
ConcA treatment was significantly increased by addition 
of TM (Fig. 4 B). Hence, YFP-EXO70B1 positive bodies 
have autophagic character. To confirm this, we have 
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generated stable transformants with YFP-EXO70B1 and 
autophagic marker ATG8f-RFP (32). As shown in Figure 4 
A, ATG8f-RFP co-localized with YFP-EXO70B1 in both the 
cytoplasm and in the vacuole after ConcA treatment 
indicating, that EXO70B1-positive compartments are 
really related to autophagosomes.  

exo70B1-2 mutants show decreased 

amounts of intravacuolar autophagosomes  

To finally confirm functionality of EXO70B1 in 
autophagic pathway, we have transformed ATG8f-RFP 
into exo70B1-2 and WT plants. Then, we measured 
amount of autophagosomes inside of the vacuole of 
etiolated hypocotyls treated for 12h with TM + ConcA. 
There was dramatic decrease of intravacuolar ATG8f-RFP 
bodies in the exo70B1-2 as compared to WT (Fig. 5).  

As exo70B1-2 mutant shows defects that are 
connected with the transport to the vacuole via 
autophagy-related pathway we investigated 14 days old 
mutant leaves (complemented by npr1-1) by TEM that 
were high pressure frozen and cryosubstituted and 26 
days old, chemically fixed mutant leaves grown under 
daylight to prevent HR and under HR-inducible 100 
µM.m

-2
.s

-1 
PAR. In both conditions, these mutants often 

have exosomes in the apoplast (in young leaves) and 
multivesicular bodies (in older leaves), which strongly 
resemble paramural bodies (Suppl. Fig. S3). We have not 
observed any similar structures in the control WT 
sections. Ultrastructural phenotype deviation of 
exo70B1-2 may be a result of insufficient 
autophagosome targeting to the vacuole, causing 
cytoplasmic autophagic bodies to fuse with the PM or 
with other autophagic bodies. However, influence of SA 
signaling cannot be entirely ruled out at this point, 
despite the fact, that we have prevented plants from 
ectopic HR formation by second npr1 mutation. This is a 
subject of our current studies.  

EXO70B1 interacts with SEC5A and EXO84b and 

probably forms an exocyst subcomplex involved in the 

autophagic pathway 

Important question is, whether exocyst subunit 
EXO70B1 functions alone or as a subunit of exocyst 
subcomplex. We therefore performed yeast two-hybrid 
(Y2H) experiment with multiple exocyst subunits. In this 
experiment, we have used GAL4 BD fused with EXO70B1 
and several exocyst constructs displaying no 
autoactivation, as published previously (see methods). 
We observed two interactions - with subunit SEC5A and 
with n-terminal fragment of EXO84b (Fig. 6). We have 
confirmed these results by co-immunoprecipitation 
assay with YFP-EXO70B1. Here we obtained also signal 
with AtSEC6 antibody (Suppl. Fig. S4 A). These data are 
also supported by observations, that YFP-EXO70B1 
displays co-localization with RFP-EXO84 (Suppl. Fig S4 B) 
and sec5a-1 mutation shows synergism with exo70B1-2 
mutation in autophagic phenotype deviation (see 
above). As was previously shown, also atsec5a-

1/exo70A1-2 double mutant shows enhancement of 
exo70A1 phenotype (26).  

 
Exocyst subunits EXO70A1 and EXO70B1 

function in different pathways 

To test crucial question of functional specificity 
of these two EXO70 exocyst subunits, we have also 
observed exo70B1-2/exo70A1-2 double mutant 
Arabidopsis plants. Phenotypic deviations of exo70A1-2 
mutant (33) were fully additive to exo70B1-2 mutant, 
with no synergism -the double mutant plants exhibited 
the same size and anatomy as exo70A1-2 mutation 
alone, however, after 4 weeks, double mutants showed 
also ectopic hypersensitive reaction like exo70B1-2 
plants, along with the lack of anthocyanin accumulation 
(Supplementary figure S2 B-D). Thus, both exo70B1 and 
exo70A1 mutations show no functional synergism, but 
both show enhancement of their specific mutant 
phenotypes when crossed with sec5a-1. This can be 
explained by SEC5 being the part of the core machinery, 
which is used by multiple EXO70s involved in different 
pathways - EXO70A1 functions as expected in the 
exocyst complex specific for the tethering exocytotic 
vesicles at the PM (34), while unexpectedly EXO70B1 
functions as a subunit of exocyst subcomplex in the 
transport of autophagosome-like structures into the 
vacuole. 

Discussion 

In this study we provide evidence, that EXO70B1 
along with SEC5, EXO84B and likely also SEC6 forms a 
sub complex, which plays a role in autophagic transport 
into the vacuole. Phenotypic deviations of exo70B1 

mutants, such as nitrogen starvation hypersensitivity 
and defective vesicular transportation of anthocyanins 
support the main arguments for EXO70B1 function in the 
autophagy – co-localization of autophagic marker ATG8 
with YFP-EXO70B1 inside of the vacuole and the 
dramatic decrease of intravacuolar autophagic bodies in 
exo70B1-2 mutant upon the induction of autophagy. 
Difference in response to carbon starvation, as 
compared to atg5, suggests a possible role in specific 
autophagic responses, similar as was shown recently for 
NBR1 (35). Other plausible explanation is dependence of 
this phenotype on developmental stage or growth 
conditions. Light dependence of lesions formation 
(suppression by higher light fluencies) indicates 
sensitivity of exo70b1 mutants to carbohydrate pools. 

Mechanistic details of EXO70B1 exocyst 
subcomplex functions including question at which 
moments of autophagosome biogenesis and transport it 
participates are further studied in our lab. Our current 
data strongly indicate that EXO70B1 exocyst subcomplex 
is necessary for ER-stress induced autophagosomes 
targeting into the vacuole. Extrapolating data from 
mammalian studies points at a defect in autophagosome 
biogenesis (21). However, we have observed abundant 
multivesicular bodies and exosomes in exo70B1-2 
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mutant. This suggests that the main EXO70B1 sensitive 
step could be rather autophagosome targeting into the 
vacuole. It was shown many times, that when one 
endomembrane pathway is blocked, another pathway 
delivers cargo to the different ectopic destination. For 
example CLV3 with vacuolar sorting signal, is normally 
transported into the vacuole, but becomes secreted in 
vacuolar trafficking mutants (36) or pectin secretory 
mutant echidna accumulates pectins in the vacuoles 
(37). Similarly, abundant cytoplasmic 
autophagosomes/MVBs of exo70B1 mutants could fuse 
together or be secreted to the apoplast. This model 
would also explain why exo70B1 mutants have some 
similarities with atg5-3 mutant, but some differences as 
well – with atg5 mutant being defective in 
autophagosome biogenesis and exo70B1-2 mutant in 
autophagosome vacuolar import resulting in a 
„autophagic traffic jam“.  In our study, we have shown 
co-localization of EXO70B1 with autophagic bodies, 
however, it is quite possible, that not all of them are 
EXO70B1 positive. There are 8 ATG8 paralogs in 
Arabidopsis and 23 paralogs of EXO70, giving a big space 
for functional specialization. 

 EXO70B1 has been reported to be localized to 
the double membrane structures before (30). Using 
mostly transient over-expression of selected Arabidopsis 
EXO70 subunits in suspension cells, the formation of 
EXO70A1, EXO70B1 and EXO70E2 positive double 
membrane bodies, which are explicitly distinct from 
autophagosome have been described (30). These bodies 
were named “EXPO” (exocyst-positive organelle) and 
proposed to be exported out of cells in exosome-like 
manner (30). However, most of the detailed analyses 
were done only on EXO70E2 subunit. According to (30), 
overexpressed GFP-EXO70E2 does not enter the vacuole 
visualized after the concanamycin treatment, in contrast 
to our observations on EXO70B1. Moreover, upon close 
inspection of figure 12c from Ref.30 partial non-
accidental co-localization with autophagosomal marker 
ATG8e is well visible also here. In this context, it is 
important to point out our observation, that 
overexpression of exocyst subunits itself may cause 
stimulation of biogenesis of new exocyst positive 
compartments, that are normally absent (Supl. Fig. S5). 
We suppose that the increased production of exosomes 
in EXO70E2 over-expressing cells might be an outcome 
of a saturation – i.e. jam – of vacuolar import resulting in 
the increased exosome release as is the case in exo70B1 
mutant described here. The question of EXO70E2 
dependent pathway function is still open and needs 
deeper cytological and especially genetic evidence.   

Our, model, where different EXO70 proteins 
mediate targeting of membrane vesicles to different 
destinations in the same cell, seems likely and raises 
further questions (39). For example, EXO70B2 – the 
closest paralog of EXO70B1, could target autophagy 
derived bodies (possibly MVBs) to the secretory papilla, 
as we have previously reported papilla formation 
abnormalities in exo70B2-1 mutant (27). This mechanism 

may be similar to the one recently reported for fungal 
(Magnaporthe oryzae) exocyst dependent pathway for 
secretion of cytoplasmic effectors (38).  

Obviously imminent questions of possible 
EXO70s-dependent functional diversification of exocyst 
and its putative sub-complexes acting in exocytosis or in 
the autophagy in plant cells lays ahead. Despite that, we 
already bring first insights into this issue. We show that 
EXO70B1 interacts with SEC5a and EXO84. Also EXO70B2 
paralog involved in the MAMP triggered immunity was 
shown to interact with Arabidopsis SEC5A subunits 
before (27) and EXO70A1 was shown to interact with 
EXO84B (34). LOF mutant sec5A-1 looks like WT under 
normal conditions (26) and mutations in both exo70B1 
and exo70A1 show synergism with sec5a-1. However, 
there is no synergism between exo70A1 and exo70B1 
mutations – EXO70A1 and EXO70B1 function in 
completely different membrane traffic pathways. The 
most parsimonious explanation for these observations is 
a model, where plant uses exocyst for various functions 
and a large EXO70 family is responsible for its 
subfunctionalizations, as EXO70 subunits are those 
binding the target membrane, functioning as the 
landmark for vesicle targeting/tethering (19,20). 
Mutation in core machinery, for example SEC5, would 
then cause defects in all processes mediated by exocyst, 
whereas mutations in EXO70 subunits would cause 
target membrane-specific deviations. This model has 
been suggested before (39) however, phagophore or 
tonoplast as a destination membrane for exocyst 
function has not been expected at all. 

 The fact that very recently also a breakthrough 
study on exocyst role in autophagy of mammals was 
published (21) brings exocyst complex into a brand new 
light, giving it second function - in the autophagy 
dependent endomembrane trafficking. This role might 
be probably as ancient in the eukaryot evolution as is its 
well established function in the exocytotic vesicles 
tethering. Positioned between biosynthetic membrane 
transport pathway to the cell surface and vacuolar 
biogenesis via autophagy related pathway, exocyst might 
turn out to be one of the central coordinating regulatory 
knots of endomembrane transport. 

Materials and Methods 

Plant material and growth 

Gabi-KAT T-DNA insertional lines of Arabidopsis 

thaliana ecotype Columbia-0 (Col0) were obtained from 
NASC institute(40). We also used sec5a-1 plants from 
(26,41) . Mutant npr1-1, was a gift from Saskia van Wees 
(Utrecht University). If not specified otherwise in the 
results, plants were grown in soil or peat pellets (Jiffy) 
under long day conditions (LD 16:8 h) with standard 
illumination of 100 µM.m-2.s-1 PAR. For highest light 
intensities (750-3000 µM.m

-2
.s

-1
), direct sunlight was 

used as a source of light and plant were grown in the 
June/July, which corresponds to LD 16:8. For 
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anthocyanin induction experiments, surface sterilized 
seedlings were kept in 4°C for 2-3 days and for one day 
exposed to the light and 24°C. Then they were placed in 
liquid MS media without sucrose and grown in darknes 
with shaking at 100rpm.  

Genotype analysis 

Following primer sets were used for genotyping: 

exo70B1-1 LP: TTCGTTTATGGAGGTTTGTCG 

(GABI_114C03) RP: TGGTCATTTAGCAGGTGGTTC 
exo70B1-2 LP: CGTGGCAGGAGTTAGAAGATG 

GABI_156G02 RP: TTGTCTGCGTTTTTCCCTATG 

o8474(GABI LB) ATAATAACGCTGCGGACATCTACATTT
T atg5-3 LP: AAAGACCACAGAACCCGAAAC 

(SALK_020601) RP: CCAAATTGAATCTTCACCAGG 

LBB 1.3(salk LB) ATTTTGCCGATTTCGGAAC 

sec5a-1 line was genotyped as previously (26).  

Transcript detection and semiquantitative 

reverse transcription-polymerase chain reaction (RT-

PCR) 

For detection of transcript in exo70B1-2 mutant 
RNA was isolated from 100mg of 7 day old seedlings 
growing on MS plates. RT-PCR was done by Fermentas 
First Strand cDNA Synthesis Kit with 1µg of total RNA, 
which was double-DNAsed. Following primer pairs were 
used for transcript detection: 
CTGGATTTGGTAAGGCGTGT with 
ACGTTCGCTAGGAAACAGGA for detection of 5’terminal 
region and TTGACGAGCAGCTGAAAGAA with 
CTTCCCGTGGTAGTCCCTTT for 3’terminal region. All 
reactions were made in 24, 28 and 32 cycles. 28 cycle 
PCR products were used in images. After 32 cycles, weak 
band has appeared also in c-terminal part of EXO70B1 
transcript. This was probably caused by genomic DNA 
contamination (EXO70B1 has a single exon, so it is 
impossible to get differential PCR products), despite the 
DNAse treatment, as genomic contamination appeared 
also at actin control. For semiquantitative RT-PCR, total 
RNA was isolated from fresh rosette leaves of 28 day old 
plants, which not yet showed any lesions or defects. For 
extraction, Qiagen RNEasy Plant Mini kit was. RT-PCR 
was done by Fermentas First Strand cDNA Synthesis Kit 
with 1µg of total RNA. For detection of hypersensitive 
response, following sets of primers were used:  
PR1: CTTGTAGGTGCTCTTGTTCTTC

CC  TGCCTCTTAGTTGTTCTGCGTA
GC VPEα CGAAGAACGAGGAGAATCCA
AGAC  GACCGCTATCTACAACTTTCCC
AC VPEβ CGGAAGATGGGTCAAGGAAG
AAG  ATCGTCAACCAAAGGCAAACC 

VPEγ GGAACAAACCCTGCCAATGAC 

 GAACCTTCTGGTGCTTTTCGG 

VPEδ TTCTGGCTTGGTCAATCCGC 

 GCTGTCCTGTTGTTCTTGTGG
AAG CHS AGGCTCAGAGAGCTGATGGA 

 GTAGTCAGCACCAGGCATGT 

 
All reactions were made in 24, 28 and 32 cycles. 

28 cycle PCR products were used in images.  

Phytohormonal analysis 

We utilized a modification of previously 
published (42) extraction and purification procedure, 
which separated the extracted hormones into two 
fractions, 1) fraction A - containing the hormones of 
acidic and neutral character, and 2) fraction B - 
containing the hormones of basic character. Hormones 
were quantified using HPLC (Ultimate 3000, Dionex) 
coupled to hybrid triple quadrupole/linear ion trap mass 
spectrometer (3200 Q TRAP, Applied Biosystems) set in 
selected reaction monitoring mode. Fraction A was used. 
Experiment was done in triplicate. 

TUNEL assay 

Paraffin sections (11µm thick) were subjected to 
TUNEL reaction with TMR red in situ cell death detection 
kit (Roche Diagnostic GmbH, Heidelberg, Germany) 
according to manufacturer´s protocol with slight 
modification. Just prior to the TUNEL reaction, all 
samples were washed for 5 minutes in 25 mM Tris pH 
6.6. Nuclei staining was done by incubation of the 
samples with 0.1 μg/ml Hoechst in 1x PBS for 10 
minutes. Samples were observed under an 
epifluorescent microscope equipped with appropriate 
excitation and emission filters. 

Fluorescent protein construction and 

transformation 

EXO70B1 single exon was amplified from 
genomic DNA using primers: TATAC 
ACTGTCGACACATCTGTTTCAATCATG and 
CCTTCGAATTCTTCCCGTGGTAGTCC and subcloned into 
pENTR1A (Invitrogen) using SalI and EcoRI restriction 
sites. Using Invitrogen gateway cloning system, this 
construct was used to create GFP and EOS n-terminal 
fusion construct, using pUBN:EOS and pUBN:YFP vectors 
(43). These constructs were transformed into 
A.thumefaciens GV3101 and used for infiltration 
N.benthamiana leaves, as well as for making stable 
transformants. Transient expression was performed as 
described in (44) with final OD for infiltration 0.05 and 
observations were made 48-72 h. after infiltration due to 
slower UBQ promoter. For stable transformants, 
progeny of heterozygotes in EXO70B1-2 was 
transformed using floral dip method and selected on soil 
using BASTA selection. ATG8-RFP vector was obtained 
from (32). HDEL-GFP was obtained from(45). EXO84b 
constructs with GFP and or natural promoter were 
described at (34) EXO84b construct from (26) was 
transformed into binary 35S vector pK7RWG2 (46) using 
Invitrogen gateway cloning system to form EXO84b-RFP 
construct.  

Co-immunoprecipitation 
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Protein complexes with EXO70B1-YFP and YFP 
(tagged with HDEL) as a control, were isolated using the 
µMACS GFP tagged protein isolation kit (Miltenyi Biotec), 
according to the manufacturer’s instructions, with some 
modifications. Approximately 1g of 7-d-old Arabidopsis 
thaliana seedlings were pulverized in liquid nitrogen, 
resuspended in 1 mL of Sec6/8 buffer (20mM HEPES, pH 
6.8, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.5% 
Tween, supplemented with 13 protease inhibitor cocktail 
(Sigma-Aldrich);(26)), and centrifuged 10000g for 10 min 
at RT. The anti-GFP microbeads, 75 µl, were added and 
incubated for 30 min on ice with occasional shaking. The 
Sec6/8 buffer, 2 times, and lysis buffer provided in the 
kit, 2 times, were used to wash the samples on the 
column, and immunoprecipitates were eluted with 70 µL 
of the elution buffer.  

Several SDS-PAGEs were run with aliquots of 
eluted proteins loaded so that the amounts of tagged 
baits, EXO70B1-YFP and YFP were approximately equal. 
Subsequently, proteins were blotted onto a 
nitrocellulose membrane and blocked overnight at 4

o
 C 

with 5% nonfat dry milk in PBS (137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH 7.4) 
supplemented with 0.1% Tween 20. Primary antibodies 
used for immunodetection were commercially available 
anti-GFP antibody (Roche) and rabbit polyclonal 
antibodies (Agrisera, Sweeden), raised against peptides 
from SEC5a (CVRKPSMDEDEESEVE), EXO84b 
(CQRTDDLRRPLDRQN) and SEC6 (Ac-NPPKTGFVFPRVKC), 
diluted 1:5000, 1:10000 and 1:10000, respectively, and 
incubated with the membranes overnight, at 4

o
 C, in the 

blocking solution. Horseradish peroxidase-conjugated 
secondary anti-rabbit antibody (Promega) was applied, 
followed by chemiluminescent ECL detection 
(Amersham). 

 

Microscopy 

Leaves of both Arabidopsis thaliana and N. 

benthamiana were observed using LCS 510; Leica with a 
× 63/1.2 water immersion objective. Following excitation 
and emission settings were used (ex(nm)/em 
range(nm)): 488/525-535 for GFP, YFP and non-
converted EOS, 514/580-620nm for RFP photoconverted 
EOS and for anthocyanins. For co-localization 
experiments with anthocyanins, EXO84b and ATG8f we 
performed lambda scan to avoid misinterpretations.   

For quantification of intravacuolar bodies, each 
section was taken 3 times and number of bodies was 
then averaged. We have used 3 independent 
transformed lines for each genotype. For evaluation, 90 
pictures out of 30 plants have been used.  

TEM microscopy 

For TEM, leaf stripes were fixed for 24 h in 2.5% 
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) in 4°C 
and postfixed in 2% OsO4 in the same buffer. Fixed tissue 
was dehydrated through an ascending ethanol and 

acetone series and embedded in Epon-Araldite.For cryo-
fixation, tiny pieces of Arabidopsis leaves were placed in 
specimen holders filled with a dense culture of 
Saccharomyces sp. and cryoimmobilized using the 
Balzers HPM 010 high pressure freezer (BAL-TEC Inc., 
Liechtenstein). The samples were freeze-substituted for 
17 h at 2908C in anhydrous acetone containing 2% OsO4 
and gradually brought to room temperature within 6 h. 
Following a wash in acetone, leaf pieces were embedded 
through stepwise infiltration into a mixture of Epon and 
Durcupan (Fluka, Buchs, Switzerland). Thin sections were 
cut on a Reichert-Jung Ultracut E ultramicrotome and 
stained using uranyl acetate and lead citrate. We 
examined and photographed using Jeol JEM-1010 
electron microscope with camera Veleta and software 
iTEM software (Olympus).  

Anthocyanin extraction 

Dry weight was measured and soaked overnight 
at room temperature in 50% methanol in water (v/v). 
We used 25mg of dry weight/ml. Then, extraction was 
done according (5) 

Yeast Two-Hybrid System 

The yeast two-hybrid was performed as 
described previously (26). We used the Matchmaker 
GAL4 Two-Hybrid System 3 (Clontech), following 
manufacturer’s instructions. We used constructs 
prepared by (26,27,34). EXO70B1 in pGBKT7 vector was 
prepared using fragment amplified with 
ACTGAATTCACATCTGTTTCAATCATG and 
AAGTCGACATTTTTGTGTTCGTTACCT (EcoRI and SalI 
restriction sites). 

Plant treatments 

UV irradiation was made with soft UV irradiation 
(360nm) approx 2W/m

2
. We used 2 min. UV pulse every 

hour. Concanamycin A and tunicamycin was used as 
described in (31). Naringenin and CDNB was used 
according (5), with our seedlings being little bit older (5 
DAG).  

Picture analysis 

For measuring of plant size and for taking plant 
pictures, we used Canon EOS 450D with objective EF-S 
60 2.8/Macro. For size quantification, calculating area 
and number of objects, preparation and for projections 
of confocal images, we used open source FIJI software 
(47). 
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List of abbreviations 

 

 

ABA abscisic acid 

BFA brefeldin A 

BSO buthionine-(S,R)-sulfoximine 

CDNB 1-chloro-2-4-dinitrobenzene 

DAG days after germination 

DTT dithiothreitol 

ER endoplasmic reticlum 

GA Golgi apparatus 

GFP green fluorescent protein 

HR hypersensitive response 

JA  jasmonic acid 

LD long day 

LOF loss of function 

LT ligandin-transporter 

MAMP  microbe associated molecular pattern 

MDC monodansyl cadaverine 

MTI MAMP triggered immunity 

PAR photosynthetically active radiation 

PM plasma membrane 

ROS reactive oxygen species 

SA salicylic acid 

SD  short day 

TEM transmission electron microscopy 

TGN trans-Golgi network 

TUNEL terminal deoxynucleotidyl transferase dUTP nick 
end labeling UBQ ubiquitin 

VT vesicular transport 
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Figure 1: T-DNA insertional mutants used in this study – exo70B1-1 and exo70B1-2. Both exhibit the same 
phenotypes, including ectopic HR lesions formation on leaves, which can be suppressed by crossing with 
npr1-1. Comparison of exo70B1-2 with atg5-3 mutant. Plants were grown in standard conditions (see 

methods) (A).   Insertional lines named exo70B1-1, exo70B1-2 and atg5-3 disrupt CDS as indicated. Dotted 
and dashed lines represent 5’-terminal and 3’- fragments, which were amplified in RT-PCR, where   (+/+) 
stands for WT and (-/-) for mutant. Actin was used as a control (B). Selected phytohormones and related 

substances analysis showing several differentially accumulated compounds in mutant plats (C). 
Hyperaccumulated salicylic acid (SA; C) corresponds to strong PR1 mRNA induction visualized by 

semiquantitavie RT-PCR (D). Cotyledon size of nitrogen starved seedlings of exo70B1-2 mutant and 
exo70B1-2/sec5a-1 double mutant compared to WT and atg5-3. Stars indicate significant change compared 

to the WT  (E). exo70B1-2 mutant and exo70B1-2/sec5a-1 double mutant survive 6 days of carbon 
starvation unlike atg5-3 (F). Abbreviations of phytohormones are explained in Supplementary Table S1.  

173x232mm (300 x 300 DPI)  
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Figure 2: Absorption spectra of methanol eluate from dry leaves of exo70B1-2 mutant and WT indicating 
very distinct differences in anthocyanin accumulation. Experiments were carried out in mutant HR inducible 

(100 µM.m-2.s-1 PAR) and non inducible (3000 µM.m-2.s-1 PAR) conditions (A). Similar, but less dramatic 

difference can be seen in 5 day old seedlings incubated in sucrose for 24 hours (B). The lack of anthocyanin 
accumulation phenotype deviation in exo70B1-2 is not suppressed by npr1-1 mutation (C,F). Induction of 
anthocyanins in 5 day old seedlings of exo70B1-2 mutants and WT treated with 1mM naringenin (nar) or 
pre-treated with 100 µM 1-Chloro-2,4-dinitrobenzene (CDNB) to inhibit LT import pathway of anthocynins 

into the vacuole (D). Quantification of D (E). RT-PCR of chalcone synthase (CHS) mRNA in exo70B1-2 
mutant seedlings and WT after 0, 2 and 8 hours of incubation in 3% sucrose. Actin (ACT) was used as a 

control (G).  
173x107mm (300 x 300 DPI)  
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Figure 3: YFP-EXO70B1 co-localizes with anthocyanin containing compartments in etiolated hypocotyls and 

leaves. Plastids are indicated in magenta.  Scale bars are 20µm long.  

173x92mm (300 x 300 DPI)  
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Figure 4: YFP-EXO70B1 co-localizes with ATG8f-RFP inside of the vacuole and in the cytoplasm of stably 
transformed Arabidopsis leaves, when treated for 12 hours with 5µg/mL TM and 1 µM ConcA. Plastids are 

indicated in magenta. Green signal was not detectable for all of ATG8f-RFP positive spots in this resolution, 
likely due to weak fluorescence of YFP-EXO70B1. (A). Quantification of intravacuolar autophagosomes 

marked by ATG8f-RFP upon ER stress (treatments as indicated) (B). Scale bars are 20µm long.  
130x155mm (300 x 300 DPI)  
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Figure 5: Quantification of autophagosomes in etiolated hypocotyls upon ER stress (5µg/mL TM and 1 µM 
ConcA) marked by ATG8f-RFP in exo70B1-2 and WT hypocotyls (A). Representative picture (B). Scale bar is 

20µm long.  
83x77mm (300 x 300 DPI)  
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Figure 6: Yeast-two-hybrid interactions of EXO70B1 fused with GAL4 BD interacts with SEC5A and N-
terminal part of EXO4b fused with GAL4 AD (full-length EXO84b autoactivates).  

83x109mm (300 x 300 DPI)  

 

 

Page 17 of 22 Traffic



For Peer Review

SUPPLEMENTARY TABLE S1 

 
Abbreviations used in Figure 1 

Abscisic acid 

ABA = abscisic acid 

DPA = dihydrophaseic acid 

PA = phaseic acid 

NeoPA = Neophaseic acid 

ABA-GE = ABA-glucose ester 

Auxins 

IAA = indole-3-acetic acid 

IAA-Asp = IAA-aspartate 

IAA-Ala = IAA-alanine 

OxIAA = oxo-IAA 

SA = salicylic acid 

Jasmonates 

JA = jasmonic acid 

JA-Ile = JA-isoleucine 

GAn = Gibberellin n 
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Supplementary figure S1:exo70b1-1 mutant and WT on different light intensities. Light intensity values 
represent PAR radiation only. Mutant was rescued from lesion phenotype by radiations above 750 µM.m-2.s-1 
on both sunlight (a) and in growth chamber with 750 µM.m-2.s-1 (data not shown). Pictures were taken in 

the early stages of HR appearance, so that we could take all samples together. All experiments were done 
on long day (in case of sunlight, the day length varied from 15.81 to 16.12 hours per day) (a). TUNEL 

staining of exo70B1-2 mutants and WT. First column (Hoechst) indicates presence of nuclear DNA using 
Hoechst stain. dUTP marked with TMR red in second column – samples treated by Terminal deoxynucleotidyl 
transferase (TdT) to visualize nucleosomal fragmented DNA by PCD. As a negative control, we used staining 

without addition of TdT (b). Scale bar is 20µm long and valid for all frames (B). Lesions appearance on in 
vitro grown plants in standard light conditions (see methods) (C).  

197x239mm (300 x 300 DPI)  
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Supplementary figure S2: Complementation of exo70B1-2 mutant phenotypic deviations by EOS-EXO70B1 
transformation and genotyping of shown plants detecting presence of exo70B1-2 allele (a). exo70A1-2 x 
exo70B1-2 double mutant displays additive phenotypic deviations of both mutant genes with no synergism. 

First lesions on double mutant appear 40 DAG (b) and continue to spread (c, 54 DAG). Anthocyanin 
accumulation defect is present only in the exo70A1-2 x exo70B1-2 double mutant (d).  

173x277mm (300 x 300 DPI)  
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Supplementary figure S3: High pressure freeze substituted (HPSF) TEM of leaf mesophyll cells of 14 days old 
exo70B1-2 complemented by npr1-1 showing exosomes in apoplast not observed in the WT (a,d). 

Chemically fixed TEM images of 26 days old exo70B1-2 mutant grown on daylight to prevent HR. Arrows 

point at multivesicular bodies which strongly resemble paramural bodies in epidermal cells (b,c), which are 
present in mesophyll as well (e,f). No such bodies were spotted in WT plants. Scale bar is 0,2 µm long (a,d), 

2 µm long (b,e) and 1 µm long (c,f).  
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Supplementary figure S4: Co-immunoprecipitation of YFP-EXO70B1 with other exocyst subunits. Individual 
lines represent:  
M – marker  

1 – coimmunoprecipitate with YFP-EXO70B1  
2- coimmunoprecipitate with control YFP  

3 – total cell extract from YFP-EXO70B1 seedlings  
(A)  

Co-localization of YFP-EXO70B1 and EXO84B-RFP in transiently transformed N. benthamiana (B)  
419x371mm (150 x 150 DPI)  
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Supplementary figure S5: Comparison of expression of EXO84b:GFP driven by 35 promoter (right) and WT 
promoter (left) in Arabidopsis root.  
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* To whom correspondence should be addressed: E-mail: zarsky@ueb.cas.cz

Received 16 July 2010; Revised 18 November 2010; Accepted 18 November 2010

Abstract

Recently, the octameric vesicle-tethering complex exocyst was found in plants and its importance for Arabidopsis

morphogenesis was demonstrated. Exo70 exocyst subunits in plants, unlike in yeasts and mammals, are

represented by a multigene family, comprising 23 members in Arabidopsis. For Exo70B2 and Exo70H1 paralogues,

transcriptional up-regulation was confirmed on treatment with an elicitor peptide, elf18, derived from the bacterial

elongation factor. Their ability to participate in the exocyst complex formation was inferred by the interaction of both

the Exo70s with several other exocyst subunits using the yeast two-hybrid system. Arabidopsis plants mutated in

these two genes were used to analyse their local reaction upon inoculation with Pseudomonas syringae pv.
maculicola and the fungal pathogen Blumeria graminis f. sp. hordei. The Pseudomonas sensitivity test revealed

enhanced susceptibility for the two exo70B2 and one H1 mutant lines. After Blumeria inoculation, an increase in the

proportion of abnormal papilla formation, with an unusual wide halo made of vesicle-like structures, was found in

exo70B2 mutants. Intracellular localization of both Exo70 proteins was studied following a GFP fusion assay and

Agrobacterium-mediated transient expression of the constructs in Nicotiana benthamiana leaf epidermis. GFP-

Exo70H1 localizes in the vesicle-like structures, while GFP-Exo70B2 is localized mainly in the cytoplasm. It is

concluded that both Exo70B2 and Exo70H1 are involved in the response to pathogens, with Exo70B2 having a more

important role in cell wall apposition formation related to plant defence.

Key words: Elicitor, exocyst, immunity, papilla, pathogen, secretion, vesicles.

Introduction

Upon pathogen attack the first responses of the plant cell

are directed toward the site of the pathogen contact: the

cytoskeleton reorganizes and cell wall reinforcements are

deposited through the action of the secretory pathway

(Schmelzer, 2002; Robatzek, 2007). As shown for the

epidermal cells of a resistant potato plant attacked by the

fungus Phytophthora infestans (the late blight causal agent),

changes in cytoplasmic streaming and translocation of the
cell nucleus toward the fungal penetration site take place

(Schmelzer, 2002). The cell wall defensive appositions called

papillae are formed beneath the attempted pathogen

penetration sites (Aist, 1976). It was shown that papilla

composition varies; however, they commonly contain cal-

lose and phenolic compounds (McLusky et al., 1999).

Reactive oxygen species are also involved in papilla

formation, where they serve to drive hardening by cross-

linking the cell wall components, to intoxicate the pathogen,

and to induce defence-related gene expression (Levine et al.,

1994; Hückelhoven et al., 1999). The papilla formation is

considered to be an important resistance mechanism that

can prevent an unnecessary hypersensitive response, or cell
death (Schmelzer, 2002).

For the proper assembly of the papilla, the site-directed

synthesis, cytoskeleton-mediated transport, and local secre-

tion to the cell wall have to be highly co-ordinated, meaning

that the initiation and maintenance of the new cell polarity
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is the key factor for efficient plant defence (Schmelzer,

2002). A crucial role for the secretory pathway in papilla-

dependent plant immunity was recently confirmed. Genetic

screenings for mutants with increased penetration by

B. graminis, the powdery mildew causal agent, have

identified the PENETRATION1 (PEN1 or SYP121) gene

which encodes a plasma membrane SNARE protein syn-

taxin (Sanderfoot et al., 2000; Collins et al., 2003). This
increase in mutant sensitivity is the consequence of the role

PEN1 has in the timely assembly of the papillae and focal

secretion (Assaad et al., 2004; Kwon et al., 2008).

The overall polarity of eukaryotic cells strongly depends

on the ability of the cell to deliver newly synthesized

proteins, membrane lipids, and/or cell wall components to

discrete sites on the cell surface by localized exocytosis, thus

enabling the cell to keep an asymmetry of the plasma
membrane composition and to grow or differentiate in

certain directions. Polarized exocytosis involves the de-

livery, docking, and fusion of secretory vesicles with the

target plasma membrane and all these phases are regulated

by small GTPases, especially from the Rab and Rho

families (Novick and Zerial, 1997; review by Ridley, 2006).

The tethering of exocytotic vesicles is mediated by a multi-

protein complex, the exocyst (Guo et al., 1999). The exocyst
was discovered in yeast and has also been well studied in

animals as an effector of small Rab and Rho GTPases in

the regulation of cellular polarity (reviewed in Hsu et al.,

2004). It consists of eight subunits: Sec3p, Sec5p, Sec6p,

Sec8p, Sec10p, Sec15p, Exo70p, and Exo84p, all of them

being mostly hydrophilic proteins which associate via

GTPases and membrane lipids, partly with the vesicle and

some with the target plasma membrane domain forming the
full complex, possibly during the tethering step (TerBush

et al., 1996; Guo et al., 1999). After the vesicles are properly

tethered to the plasma membrane, the final step of exo-

cytosis mediated by interaction of integral membrane

proteins v-SNARE and t-SNARE (SNARE, soluble N-

ethylmaleimide-sensitive fusion attachment protein recep-

tors) can be executed, leading to the fusion of the bilayers of

the secretory vesicle and the plasma membrane (Rothman,
1994).

Recently, the exocyst was found as a true complex in

plants and its importance for Arabidopsis morphogenesis

was analysed using a combination of biochemical, genetic,

and cytological approaches (Hála et al., 2008). The first

indirect interaction of a small GTPase with a plant exocyst

subunit was identified: Arabidopsis Sec3 interacts with

plant-specific Rho GTPases (ROPs) via binding to the
adaptor protein ICR1 in vivo (Lavy et al., 2007). Work with

the maize sec3 mutant (roothairless1) and our work with

sec5, sec6, sec8, sec15, and exo70A1 Arabidopsis mutants,

show the failure of mutant root hairs and pollen tubes to

elongate properly in the polarized fashion (Cole et al. 2005;

Wen et al., 2005; Synek et al. 2006; Hála et al. 2008, Žárský

et al., 2009). Arabidopsis exo70A1 and exo84b mutants also

display other defects in cell division and growth (e.g. in the
leaves and hypocotyls) implying that the exocyst is an

important participant in plant cytokinesis regulation (Synek

et al., 2006, Fendrych et al., 2010). Interestingly, in contrast

to yeast and mammals, which have only one Exo70 gene,

plants have a large Exo70 gene family consisting of 23

members in Arabidopsis. They can be phylogenetically

clustered into three groups and further into nine sub-groups

(Eliáš et al., 2003; Synek et al., 2006).

All these studies point to the plant exocyst complex as an

important component in the regulation of polarized cell
growth; a role that might also strongly influence the

capability of plant cells to react to pathogen attack.

Therefore, there was a need to determine if the expression

of exocyst subunits is responsive to pathogen stimuli and if

they might be involved in the non-host cell wall-based

defence. The transcriptional responses of several Arabidopsis

Exo70s after an elicitor treatment, and the defence behav-

iour of the two selected Exo70 mutants after challenge
with two model pathogens, the bacterium Pseudomonas

syringae pv. maculicola and barley powdery mildew

Blumeria graminis f. sp. Hordei, were analysed. Interaction

of Exo70B2 and H1 with several other exocyst subunits

was also found using the two-hybrid interaction in yeast.

Our data show that exocyst subunits Exo70B2 and

Exo70H1 (possibly in concert with the exocyst itself) are

non-redundantly involved in plant defence against pathogen
attacks.

Materials and methods

Plant material

The Arabidopsis thaliana T-DNA insertional mutant lines that
were used in this study were obtained from NASC, namely:
SALK_091877 and SAIL_339-D07 (At1g07000, Exo70B2) and
SALK_042456 (At3g55150, Exo70H1). The seeds were surface-
sterilized and plated onto half-strength Murashige and Skoog
medium. For the purpose of semi-quantitative RT-PCR after
PAMP (elf18) treatment, A. thaliana Col-0 was used. The plants
were propagated in vitro for 7–10 d, and used for RT-PCR, or
were transferred into Jiffy tablets and cultivated in a growth
chamber under the same cultivation conditions (21 �C, 16 h light
d�1, with a light intensity of 70 lmol m�2 s�1). For the purpose of
Pseudomonas infection, plants were cultivated in Sanyo MLR
351H growth chamber (23 �C, short-day conditions of 10/14 h,
75% humidity, and a light intensity of 50 lmol m�2 s�1 emitted by
40 W Sanyo electric lamps).

Elf18 treatment and RT-PCR

The N terminus of bacterial elongation factor Tu, comprising the
first N-acetylated 18 amino acids, Ac-SKEKFERTKPHVNVG-
TIG, termed elf18, was synthesized (Vidia Ltd., Czech Republic).
The elf18 was used to treat the 12-d-old A. thaliana plants, wild-
type ecotype Col-0, grown on vertical 0.5 MS plates (21 �C, 16 h
light d�1). Prior to treatment, plants were transferred into liquid
0.5 MS medium (two flasks with five plants in 10 ml, two replicas
of each) and left for 2 d on an orbital shaker, under the same
temperature and light conditions. The elf18 peptide in the final
5 lM concentration (diluted in deionized water) was added to two
sets of plants, while two other sets were mock treated. Six hours
later, the material was harvested.
The RNA was isolated using the RNeasyPlant kit (Qiagen). The

RNAs obtained (1 lg) were subjected to DNAse treatment (Gibco;
according to the manufacturer’s instructions) and subsequent
reverse transcription using the oligodT primer (Transcriptor High
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Fidelity cDNA Synthesis Kit, Roche Applied Science; according to
the manufacturer’s instructions). PCR was performed with Taq
DNA polymerase (Fermentas), in 25 cycles. The primers used for
RT-PCR analysis were adjusted so that the amplified area was of
approximately 500 bp (see Supplementary Table S1 at JXB
online).

Yeast-two hybrid assay

The Exo70B2 and H1 cDNA (obtained from Riken) were cloned
into both pGADT7 and pGBKT7 vectors (Clontech Laboratories,
Inc.) in the case of Exo70B2, and into pGBKT7 in the case of H1.
In addition, SNAP33 cDNA obtained by RT-PCR was cloned into
pGADT7. All the other exocyst constructs used have already been
described by Hála et al. (2008). Yeasts that were transformed with
pairs of plasmids were grown on –Leu/–Trp selective media.
Murine p53 (binding domain) and SV40 large T-antigen (activa-
tion domain), provided by the manufacturer, were used as
a positive control. Different pGBTs with pGAD with an inserted
non-coding piece of vector pENTR3C were used as negative
controls. Approximately 1 mm2 of positive colonies from –Leu/–Trp
plates was resuspended in 200 ll of sterile water, diluted 203
and 4003, and subsequently plated onto –Leu/–Trp/–His/-Ade
plate.

Inoculation of the plant material with P. syringae pv. maculicola

For P. syringae pv. maculicola strain 795 (Davis et al., 1991)
inoculation, plants were cultivated in climate chamber for 5 weeks
under the short-day regime (10/14 h light/dark, 23 �C, 75%
humidity). The mutant npr1-1, a gift from Saskia van Wees
(Utrecht University), was used as a positive control. Bacteria were
prepared as described by Katagiri et al. (2002). Briefly, freshly
inoculated plates (2–3-d-old; LB with 25 mg l�1 streptomycin)
were used to prepare the liquid overnight culture, without
streptomycin, with shaking of 130 rpm on 28 �C. Bacteria were
centrifuged at 2500 g for 10 min and pellet resuspended in 10 mM
MgCl2. According to the OD600, the culture was diluted to
approximately 33105 cfu ml�1 (approximate OD600¼0.0006).
Rosette leaves were inoculated with diluted bacteria using

a syringe—four leaves for six plants of each of the lines tested.
Three days later, leaf discs of the same size (6 mm in diameter)
were cut from all the inoculated leaves, homogenized in 1 ml of 10
mM MgCl2, and diluted 1:10 several times. For three subsequent
dilutions, 10 ll, in duplicates, were plated onto LB with
streptomycin. Two days later, the number of colonies was counted.

Inoculation of the plant material with B. graminis f. sp. hordei

The inoculation of mutant lines was performed in collaboration
with the laboratory of Ulrich Hildebrandt, University of
Wuerzburg. Approximately 4-week-old plants (before the appear-
ance of the first inflorescence) were used for inoculation by
Blumeria graminis f. sp. hordei in a settling tower. Conidia from
infected barley leaves were then blown into the tower using
pressurized air to ensure their even distribution at 50 conidia
cm�2. After several minutes the conidia had settled and the plants
were moved to a growth chamber that was kept closed under the
hothouse to achieve a relative humidity of at least 90% all the time.
Two days later, leaves were detached and treated as described in
Ringelmann et al. (2009). Briefly, to de-stain leaves, they were
placed with their inoculated surface up onto Whatman 3MM
paper moistened with ethanol:acetic acid (3:1, v/v) in a Petri dish
until bleached and then transferred to filter paper moistened with
lactoglycerol (lactic acid:glycerol:water, 1:1:1, by vol.) for 3 h.
Then, fungal structures were stained for 30 min by carefully
pipetting a few droplets of trypan-blue (Merck, Darmstadt,
Germany) as 0.05% (w/v) in acetic acid:glycerol:water (1:1:1, by
vol.) onto the inoculated leaf surface.

Histochemical examination of infected material

The responses to pathogens was monitored and inspected by
microscope and documented by photography. The visualization
of germinated spores was achieved by trypan-blue staining of
fungal structures (see above). Microscopic analysis of papillae
was done using Olympus BX51 microscope with an attached
DP50 camera (Olympus). The confocal microscopy (Zeiss LSM
5Duo) was used for the thorough and detailed analysis of the
papilla structure. The quantification of papillae stages was per-
formed by counting 50–100 germinated spores from one leaf; for
each WT and mutant line 4–5 leaves (originating from three
different plants) were evaluated. The total number of evaluated
spores on one leaf was considered as 100% and the mean was
determined for these 4–5 values.

Transient expression in N. benthamiana of fluorescently tagged

chimeric constructs

For both Exo70B2 and Exo70H1, cDNAs from pENTR3C
vector were transferred by a recombinant LR reaction of
Gateway cloning (Invitrogen) that is catalysed by the enzyme
mixture LR Clonase into pGWB6 (Nakagawa et al., 2007) vector,
placing the cDNA in-frame with GFP on the N-terminus, under
the control of the 35S promoter. This way, the constructs
obtained were used for the transformation of A. tumefaciens,
strain GV3103. Overnight cultures were diluted in infiltration
buffer (10 mM MES, 10 mM MgCl2) until OD 0.1 and used for
infiltration by syringe of the abaxial N. benthamiana leaf surface.
The similar approach was used for FRET analysis, where, in
addition, Exo70B2 and Exo70H1 were cloned into vector
pH7WGR2, allowing N-terminal fusion with RFP. More details
on performing FRET analysis can be found in Supplementary
Fig. S3 at JXB online.

Confocal microscopy

After approximately 36 h from the time of infiltration, the first
observation under the Zeiss LSM Duo confocal microscope, using
the 403 water-corrected objective, was performed. Excitation of
red-shifted GFP was committed with the laser beam of wavelength
of 488 nm.

Statistical evaluation

All the images were quantitatively and statistically evaluated with
the aid of image-processing software. For the measurements and
quantification of papillae sizes, software AnalySIS (Soft Imaging
System GmbH, Germany) and ImageJ (Wayne Rasband, NIH,
USA) were used. The numerical data obtained were processed
using Microsoft Excel. To assess the significance of the data
obtained, ANOVA analysis available on http://www.physics.
csbsju.edu/stats/ was performed.

Results

Up-regulation of selected putative exocyst subunits
encoding mRNAs upon pathogen stimuli

Based on our analysis of publicly available expression

data, it was concluded that some Arabidopsis exocyst

subunits expression levels are highly responsive to treat-
ments with different pathogens or elicitor molecules (data

from the current version of the Genevestigator database;

Zimmermann et al., 2004). Most apparent in this respect is

the situation with the Arabidopsis Exo70 family of exocyst

subunits. Exo70H1 and Exo70B2 mRNAs are strongly
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up-regulated upon stimulation with the fungus B. graminis

f. sp. hordei, Pseudomonas syringae, and elicitors, e.g. flg22

or elf18 (annotated in the works of Zipfel et al., 2004;

Thilmony et al., 2006). The Exo70A1 exocyst subunit

encoding mRNA, the one most closely related to yeast

and mammalian Exo70s (Synek et al., 2006) is less

responsive to pathogens (see Supplementary Fig. S1 at

JXB online).
Analysis of the transcriptional response of selected Exo70

Arabidopsis genes to one of the well-studied elicitors, or

pathogen-associated molecular patterns (PAMPs), the N

terminal 18 amino acids of bacterial elongation factor Tu,

modified by an acetylation on the first residue, termed elf18

(Ac-SKEKFERTKPHVNVGTIG; Kunze et al., 2004) was

made. Synthetic elf18 peptide was used to treat 12-d-old

A. thaliana plants, ecotype Col-0, for 6 h, in the final 5 lM
concentration of elicitor. After RNA isolation and reverse

transcription, semi-quantitative PCR was performed (see

the Materials and methods for details). It could be proved

that Exo70B2, H1, H2, and H7 RNAs were strongly up-

regulated by the elf18 treatment, while A1 and B1 were less

responsive (Fig. 1). For Exo70A2, H3, and H8 no visible

bands were obtained, which is in accordance with their

tissue-specific expression.

Characterization of Arabidopsis exo70B2 and exo70H1
T-DNA mutant lines

Based on the results of RT-PCR it was decided to continue

work with Exo70B2 and Exo70H1, the two Exo70s that

were highly up-regulated after elf18 treatment. Three

Arabidopsis T-DNA insertional mutant lines for the genes
SALK_091877 (exo70B2-1), SAIL_339-D07 (exo70B2-2),

and SALK_042456 (exo70H1) were obtained. The position

of the insertions is shown in Fig. 2. The same figure shows

the result of RT-PCR performed on 10-d-old seedlings,

showing that these lines are knock-out mutants, since no

cDNA fragments could be amplified for either of Exo70s.

For both mutant lines, no phenotype deviation was

observed; their appearance is indistinguishable from WT
when cultivated in vitro on normal 0.5 strength MS

medium, as well as when grown on medium containing 50

mM NaCl or in soil (data not shown). Borders of T-DNA

Fig. 1. The RT-PCR analysis of nine different Arabidopsis Exo70 mRNAs after treatment with elicitor peptide elf18 (c, control; e, elf18

treatment; M, marker).
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insertion were verified by sequencing genomic DNA of

mutants (data not shown).

Exo70B2 and H1 interact with several other exocyst
subunits

To test if the two Exo70s, B2 and H1, are components of

the exocyst complex, a two-hybrid system in yeast (Y2H)
was used. Constructs already described by Hála et al. (2008)

and newly prepared Exo70B2 and Exo70H1 were used.

For both Exo70s, no interaction was found either with

Sec6 or with Sec8 (see Supplementary Fig. S2 at JXB

online). However, positive interactions were found for

Exo70B2 with Sec5a and Sec15b (Fig. 3). Exo70H1

interacts with Sec3a, Sec5a, and Sec15b. The most surpris-

ing was, however, the interaction of Exo70B2 with
Exo70H1, and also of Exo70B2 with itself, pointing to the

possibility that Exo70s dimerize, a situation that is so far

undescribed for Exo70s of any other organism. The

observed interactions were further verified by FRET

analysis (see Supplementary Fig. S3 at JXB online).

To extend the Y2H analysis to a possible, non-exocyst

interactor, SNAP33, a known participant of the response to

pathogen attack in plants, was included (Kwon et al., 2008).
As a SNARE protein enabling membrane fusion, SNAP33

is expected to occur at least in the proximity of the exocyst

complex. The Y2H revealed weak interaction of SNAP33

and Exo70B2. No interaction was found for SNAP33 and

Exo70H1.

The susceptibility of Exo70s mutants to Pseudomonas
infection

The three Exo70s mutant lines were subjected to Pseudomonas

syringae pv. maculicola susceptibility assay, according to the

protocol described by Katagiri et al. (2002). Leaves of
exo70B2-1, -2, and exo70H1 mutant lines, as well as of the

wild-type and susceptible mutant npr1-1 as a positive

control (Cao et al., 1994), were infiltrated with bacteria.

The difference in the bacterial growth among these lines was

monitored by counting the numbers of colonies obtained

from homogenized leaf tissue. The enhanced susceptibility

was revealed for both alleles of mutant exo70B2 as well as

for exo70H1 (Fig. 4).

Papillae formation in Arabidopsis exocyst mutants upon
B. graminis f. sp. hordei inoculation

Arabidopsis T-DNA insertion mutants were also used to see

if proper papillae formation upon the challenge of

A. thaliana with pathogen might also be dependent on the

function of Exo70B2 or Exo70H1 exocyst subunits.
To inoculate wild-type and exo70B2-1, exo70B2-2, and

exo70H1 mutant plants with B. graminis, conidiospores

obtained from infected barley were sprayed on to leaves.

After 48 h, leaves were detached and stained with trypan-

blue for the visualization of the germinated spores and

Fig. 2. The position of T-DNA insertions in three Arabidopsis

mutant lines. (A) SALK_091877 (exo70B2-1), SAIL_339-D07

(exo70B2-2), and SALK_042456 (exo70H1). The RT-PCR (B)

confirms that these mutants are knock-out lines, since no DNA

fragments were obtained by RT-PCR (with the exception of a weak

band in exo70B2-1; lanes 1–4,WT, exo70B2-2, exo70B2-1,

exo70H1, respectively, with Exo70B2 primers; lanes 5–8, the same

arrangement of cDNAs was used to amplify the Exo70H1 fragment). Fig. 3. Two hybrid assay in S. cerevisiae: interactions of Exo70B2

and Exo70H1 with several other exocyst subunits and SNARE

protein AtSNAP33.
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development of appressoria and penetration pegs. Atten-
tion was paid to the epidermal cell wall response to these

attempts – papillae formation. For each genotype, the

distribution of the number of germinated spores having

appressoria and a penetration peg, with and without a cell

papillae reaction, were compared. However, no significant

difference in the total number of papillae initiations was

observed between mutants and WT (data not shown).

Further on, two more stages of infection could be observed:
(i) papillae having a strongly vesicular-like appearance on

the intracellular side, and (ii) successful penetration of

fungi through the plant cell wall, in the form of an

elongated penetration peg, or the presence of haustorium

and the growth of secondary hyphae. The remarkable

difference in the proportion of papillae with a vesicular-like

halo that significantly increased in exo70B2-1 and -2

mutants (Fig. 5; see Supplementary Fig. S4 at JXB online)
could be seen.

Using the autofluorescence of the material deposited in

papillae, compared with the bright-field observation, it was

possible to focus on the details of their structures under the

confocal microscope. It could be seen that papillae are

differently formed in mutants with a less organized struc-

ture when compared with Arabidopsis wild-type papillae

(Fig. 6A). The vesiculated structures of exo70B2-1 and -2

mutant papillae were even more obvious under the high

magnification: the dense halo of vesicle-like structures filled

with autofluorescing material surrounds the papillae. Two

features of papilla structure were quantified and compared

between WT and mutants: their diameters and the diame-

ters of the vesicular halos (papilla including; Fig. 6B). The

quantification confirmed that the vesicular halo around

papillae is significantly bigger in the case of exo70B2

mutants.

Transient expression and cellular localization of GFP
tagged Exo70B2 and Exo70H1

Chimeric Exo70s carrying the green fluorescent protein

(GFP) fused to Exo70B2 and Exo70H1 N- termini were

constructed. The constructs were placed under the 35S

promoter and used to transiently transform N. benthamiana

leaves. Approximately 36 h after leaf agroinfiltration, the
material was studied by confocal microscopy.

In the case of Exo70B2, the signal was found in the

cytoplasm, in patches adjacent to the plasma membrane, in

cytoplasmic strands, and in the surrounding organelles and

nucleus. A weak signal was also found inside the nuclei. The

Exo70H1 demonstrates two types of localization within one

cell: the punctuated, vesicle-like structures of approximately

0.5 lm, located in the cortical cytoplasm adjacent to the
membrane and around the nucleus, and a diffuse signal in

cytoplasmic strands and the cytoplasm. Weaker intra-

nuclear and strong peri-nuclear signals could also be seen

in the case of Exo70H1. However, while the Exo70B2 signal

is homogenously distributed inside the nucleus, the

Exo70H1 demonstrates again a more punctuate pattern

(Fig. 7).

Discussion

The plant exocyst complex involvement in the regulation of

cell polarity suggests that this complex might influence the

capability of the plant cell to react defensively against

pathogen attack. It has been demonstrated that Exo70H1,

Fig. 5. Vesicular-like papillae distribution and penetration of

B. graminis f. sp. hordei in WT, exo70B2-1, exo70B2-2, and

exo70H1 mutants. Abnormal papillae with vesicular halo and

successful penetration of fungi (either as an elongated penetration

peg or the presence of haustorium) are counted. For each

genotype, 50–100 spores from 4–5 leaves were inspected.

Fig. 4. Test of susceptibility to Pseudomonas of three exocyst

mutant lines: two exo70B2s and exo70H1 compared to WT and

sensitive mutant npr1. Relative number of P. syringae pv.

maculicola colonies out of inoculated leaves for five different

lines are presented as 3105 colony forming units per cm2

(cfu cm�2).
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H2, H7, and B2 RNAs were strongly up-regulated by elf18

treatment. These results are in accordance with the works of

Zipfel et al. (2004) and Thilmoney et al. (2006) that detected

Exo70H1 among PAMP up-regulated genes.

Due to the strong functional relatedness of exocyst and
SNARE proteins, similarity was expected in the way that

resistance is compromised in our mutants with that of the

pen1 mutant. Our results indeed revealed distinctly en-

hanced susceptibility to P. syringae pv. maculicola in

exo70B2 and, to a lesser extent, in the exo70H1 mutant.

The assay is based on the infiltration of bacteria into the

intercellular spaces of the leaf tissue, where bacterial

progress depends on the effectiveness of the plant apoplastic
defence responses. It is speculated that the exocytosis

defects in exo70B2 and exo70H1 mutants render the

apoplastic environment more permissive for bacterial

growth. So far, to the best of our knowledge, the only data

on the involvement of exocytosis in the response to

Pseudomonas challenge were presented for AtSNAP33,

which is up-regulated after inoculation with Pseudomonas

syringae pv. tomato (Wick et al., 2003); much more effort is

dedicated to the elucidation of the gene-for-gene aspect of

resistance to Pseudomonas (Dangl et al., 1992; Kunkel et al.,
1993; Yu et al., 1993).

Based on the fact that the SNARE protein PEN1 is

required for the timely assembly of the papillae and focal

secretion after Blumeria attack (Assaad et al., 2004, Kwon

et al., 2008) and that, in yeasts and mammals, the SNARE

proteins function just one step downstream from the

exocyst complex in the execution of the secretory pathway

function, it is probable that the malfunction of the exocyst
complex might have an impact on papillae formation as

well. Therefore, in the exocyst T-DNA Arabidopsis in-

sertional mutants of exo70B2 and exo70H1 paralogues

possible differences in papillae formation were analysed

using an already established and well-described pathogen:

Fig. 6. (A) Papilla structure in WT and in mutant lines. The fine papilla structure for each of the genotypes was observed by confocal

microscopy combined with the bright field. The whole spore with cytoplasm surrounding are shown in the upper row (bar¼20 lm);

the lower row shows in more details papilla structures (bar¼5 lm). The vesicular halo is visible in exo70B2-1and exo70B2-2. (B) The

diameters of papillae and the diameters of the area of papillae with vesicular halos were measured for four different genotypes.

The vesicular halo is significantly bigger for papillae of exo70B2 mutants.
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B. graminis f. sp. hordei. Under our experimental conditions
local changes at the site of the pathogen penetration

attempt were observed. Mutants in the exocyst subunit

Exo70B2 showed most apparent deviations in the cell wall

structure. Over-accumulation of vesicle-like structures

around B. graminis f. sp. hordei attacking sites in Arabidopsis

exo70B2 mutants is one of the strongest deviations from the

normal execution of the final steps in the polarized exo-

cytosis linked to papillae formation. In the work of Assaad
et al. (2004), the presence of the GFP-PEN1 in papillae, and

also in an endomembrane compartment of roughly 1 lm
diameter located in the vicinity of papillae, was found. The

authors speculate that this may be the same type of vesicles

described by Zeyen and Bushnell (1979) and suggested by

Huckelhoven et al. (1999) to play a role in the targeting of

reactive oxygen species toward infection sites. However,

Collins et al. (2003) reported a decrease in this type of
vesicle in SNARE pen1 mutants at sites of failed penetra-

tion by the fungus, which seemed counter-intuitive, as an

accumulation of vesicles having problems fusing with the

plasma membrane is more to be expected (Novick et al.,

1980; Littleton et al., 1998). Our observation of the increase

of a vesicle-like halo around papillae in exo70B2 mutants
suggests that docking of secretory vesicles might in this case

be partially compromised.

The Exo70s in Arabidopsis and other land plants form

a big multigene family (Synek et al., 2006), therefore

functional redundancy but also specialization could exist in

the reaction to pathogen attack. Redundancy is expected in

Exo70H1 and Exo70H2 as they are highly homologous and

the expression of both is up-regulated in response to
pathogen stimuli. It is assumed that the loss of Exo70H1 is

partially compensated by the Exo70H2. The T-DNA in-

sertional mutant for the Exo70H2 gene is not yet available

and the way to solve this problem could be to design plant

harbouring RNAi against both of these Exo70s.

The possibility that Exo70s could homo- or heterodimer-

ize, as shown in our Y2H assay, opens interesting questions

about the existence of different exocyst subcomplexes, down
to the level of dimers or oligomers, that would lead to the

fast and effective assembly of the whole complex, where and

when needed. In yeasts, the existence of a Sec6p dimer

capable of interacting with t-SNARE Sec9p was confirmed

by Sivaram et al. (2005). Functionally different exocyst

Fig. 7. The localization of N-GFP tagged Exo70B2 and Exo70H1 transiently expressed in N. benthamiana epidermal cells after

agroinfiltration. Typical intracellular localization of GFP-Exo70B2 (A–C) and GFP-Exo70H1 (D–E) observed 24–36 h post-infiltration is

shown. Details of peri-nuclear and intra-nuclear localization for Exo70B2 (C) and Exo70H1 (F) are shown on the right. (A, D) Bars 20 lm;

(B, C, E, F) bars 10 lm).
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subcomplexes, dependent and independent on the Sec15,

Sec8, or Exo70 functions were recently proposed to exist in

Drosophila (Mehta et al., 2005) as well as in mammals, where

they are either employed in trafficking toward the tight

junction sites or desmosomes, and in Schizosaccharomyces

pombe sexual reproduction (Andersen and Yeaman, 2009;

Sharifmoghadam et al., 2010).

The information on the subcellular localization of
Exo70B2 and Exo70H1 was obtained from the transient

assay system after agroinfiltration. It was expected that

Arabidopsis plants stably transformed with the native

promoter driven constructs, exposed to the pathogen

attack, could show a localization pattern similar to the one

found for PEN1-GFP. This protein is homogeneously

localized on the plasma membrane, however, upon patho-

gen attack, it is actively recruited to the site of the pathogen
penetration attempt (Assaad et al., 2004).

Plant immunity is a complex phenomenon that features

many parallels with the innate immunity of animals. It

involves the basic cellular processes, including exocytosis.

The tethering complex exocyst and its role in plant cell

polarity might show us how the subtle intracellular events

lead to whole-plant resistance or disease. Not only that the

study of exocyst-controlled events in the polarized exo-
cytosis and the formation of cell wall appositions may help

us to understand these important details of plant immunity

better, but also vice versa, the localized plant defence

reaction may help us to understand better the regulation of

the secretory vesicles targeting in plants.

Supplementary data

Supplementary data are available at JXB online.

Table S1. Primers used for RT-PCR analysis and cloning

procedures.

Figure S1. The Genevestigator expression data for several

Arabidopsis Exo70s.
Figure S2. Non-interacting pairs in Y2H assays of

Exo70B2 and H1.

Figure S3. FRET assessment of possible interactions

found for Exo70B2 and H1.

Figure S4. The papillae with vesicles-like appearing halo

in exo70B2 mutants in comparison to typical WT papilla.
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Soukupová H, Žárský V. 2003. The exocyst complex in plants.

Cell Biology International 27, 199–201.
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SUMMARY

In land plants polar auxin transport is one of the substantial processes guiding whole plant polarity and mor-

phogenesis. Directional auxin fluxes are mediated by PIN auxin efflux carriers, polarly localized at the plasma

membrane. The polarization of exocytosis in yeast and animals is assisted by the exocyst: an octameric

vesicle-tethering complex and an effector of Rab and Rho GTPases. Here we show that rootward polar auxin

transport is compromised in roots of Arabidopsis thaliana loss-of-function mutants in the EXO70A1 exocyst

subunit. The recycling of PIN1 and PIN2 proteins from brefeldin–A compartments is delayed after the brefel-

din-A washout in exo70A1 and sec8 exocyst mutants. Relocalization of PIN1 and PIN2 proteins after

prolonged brefeldin-A treatment is largely impaired in these mutants. At the same time, however, plasma

membrane localization of GFP:EXO70A1, and the other exocyst subunits studied (GFP:SEC8 and YFP:SEC10),

is resistant to brefeldin-A treatment. In root cells of the exo70A1 mutant, a portion of PIN2 is internalized

and retained in specific, abnormally enlarged, endomembrane compartments that are distinct from VHA-a1-

labelled early endosomes or the trans-Golgi network, but are RAB-A5d positive. We conclude that the exo-

cyst is involved in PIN1 and PIN2 recycling, and thus in polar auxin transport regulation.

Keywords: exocyst, polar auxin transport, PIN recycling, EXO70A1 subunit, Arabidopsis thaliana.

INTRODUCTION

Auxin functions as a key regulator of polarity and morpho-

genesis in land plants. Although most plant cells can syn-

thesize and metabolize auxin, the regulation of plant

morphogenesis is largely dependent on long-range polar-

ized transport of the compound from the shoot to the root.

This transport relies on an array of membrane transport-

ers: influx carriers (AUX1/LAX), efflux carriers of the PIN

family and pumps of the ABCB family (reviewed in Za�z�ıma-

lov�a et al., 2010).

A crucial factor in the generation of developmentally rele-

vant polarized auxin flows is the localization of PIN auxin

efflux carriers in polarized plasma-membrane domains in

auxin-conducting cells (G€alweiler et al., 1998; Wi�sniewska

et al., 2006). The polar localization of PIN proteins is associ-

ated with their constitutive cycling between the plasma

membrane (PM) and endosomal compartments – a process

sensitive to the ARF-GEF inhibitor brefeldin A (BFA), which

induces aggregations of the trans-Golgi network and

endosomal vesicles into so-called BFA compartments

(Geldner et al., 2001, 2003; Dhonukshe et al., 2007, 2008).

PIN proteins synthesized de novo are initially delivered to

the PM in a non-polar manner, and their polar localization

in PM domains is established by subsequent endocytic

recycling, which depends on clathrin-mediated endocytosis

(Dhonukshe et al., 2007, 2008; Kitakura et al., 2011). Only a

few regulators of PIN polar localization have been described

so far: Ser/Thr kinase PINOID (PID; Friml et al., 2004),

ENHANCER OF PINOID (ENP; Furutani et al., 2007, 2011),

protein phosphatase 2A (Michniewicz et al., 2007), ARF

guanine nucleotide exchange factor GNOM (Steinmann

et al., 1999; Geldner et al., 2001, 2003) and the ICR1 protein

mediating the ROP–SEC3 interaction (Lavy et al., 2007).

© 2012 The Authors
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The PM of eukaryotic cells is a highly dynamic system

that continuously undergoes exocytosis and endocytosis.

These recycling processes are tightly regulated on many

different levels. Polarized exocytosis is controlled by the

coordinated action of small GTPases (mainly from Rab and

Rho families), the vesicle-tethering complex exocyst (as

their effector), SNARE proteins and regulatory syntaxin-

binding proteins (Koumandou et al., 2007; reviewed in
�Z�arsk�y et al., 2009).

The exocyst is an evolutionarily conserved complex that

consists of eight subunits (Sec3, Sec5, Sec6, Sec8, Sec10,

Sec15, Exo70 and Exo84). In yeast and mammals, the exo-

cyst acts at specific domains of the PM that exhibit exten-

sive fusion of exocytic vesicles. Research in yeast suggests

that Exo70 and Sec3 subunits serve as spatial PM land-

marks for the assembly of the exocyst complex that inter-

acts with, and might also be activated by, Rho GTPases to

coordinate the tethering of incoming secretory vesicles

before SNARE complex formation (Boyd et al., 2004; He

et al., 2007; Zhang et al., 2008; Wu et al., 2010).

Phylogenetic analyses indicate that all exocyst subunits

are present in land plants (Cvr�ckov�a et al., 2001; Eli�a�s

et al., 2003; Koumandou et al., 2007), and that the EXO70

gene has undergone a dramatic evolutionary expansion:

e.g. in Angiosperms, with 22 presumably functional

genes present in Arabidopsis thaliana (Eli�a�s et al., 2003;

Synek et al., 2006). By contrast, only a single copy of

EXO70 is present in yeast and animals, suggesting an

elaboration of functional or tissue-specific specialization

in plants (�Z�arsk�y et al., 2009). Phenotypic analysis of

exo70 mutants and expression patterns of EXO70s in

Arabidopsis indicate that the EXO70A1 isoform plays a

major role in the sporophyte (Synek et al., 2006). The

plant exocyst complex has been shown to function in the

cell morphogenesis of growing pollen tubes, root hairs

and etiolated hypocotyls (Cole et al., 2005; Wen et al.,

2005; Synek et al., 2006; H�ala et al., 2008), as well as in

cytokinesis and seed coat formation (Fendrych et al.,

2010; Kulich et al., 2010).

As Arabidopsis exo70A1 mutants exhibit phenotypes

indicative of altered auxin transport and distribution, such

as loss of apical dominance, retarded root growth, delayed

lateral root initiation or decreased growth of root hairs

(Synek et al., 2006), we hypothesized that EXO70A1 (possi-

bly as a part of the exocyst complex) may affect auxin

transport/distribution and polar targeting of PIN auxin

transporters to the PM. This possibility is supported by a

recent report that the Arabidopsis ICR1 adaptor protein,

which links activated ROP GTPases and the SEC3 exocyst

subunit, also regulates polar auxin transport (PAT; Lavy

et al., 2007; Hazak et al., 2010). Based on our results, we

conclude that the exocyst complex is involved in PIN1 and

PIN2 recycling and localization, with a direct impact on

polar auxin transport processes.

RESULTS

Rootward auxin transport is compromised

in the exo70A1 mutant

We previously described symptoms of the A. thaliana

exo70A1 mutant pointing to possible changes in auxin

homeostasis or signalling (Synek et al., 2006). Further anal-

ysis revealed new deviations supporting such a notion. We

observed a loss of root waving and a skewing to the

opposite side, compared with the wild type (WT), in plants

cultivated on agar plates inclined at 50° (Figure 1a). Also,

distinctly larger root caps caused by accumulation of bor-

der-like cell layers were obvious in 7-day-old exo70A1

seedlings (Figure 1b,c). Microscopic inspection of the root

columella cells revealed a reduced level of statolite starch,

as evaluated by image analysis after Lugol’s staining

(exo70A1, 2063 � 1660 pixels, n = 6; WT, 7501 � 2915 pixels,

n = 8; Student’s t-test P = 0.0004; Figure 1b). However,

root gravitropism was unaffected, as the only root

gravitropic defect observed in exo70A1 plants was tran-

sient primary root disorientation during seed germination.

Whereas only 3% of WT primary roots started to grow in a

direction differing by more than 45° from the gravity vector

(n = 370), as many as 25% of exo70A1 roots showed such

disorientation (n = 117). Normal root growth direction,

however, was established in those seedlings in the 3 days

after germination.

The ProDR5:GUS auxin response reporter (Ulmasov

et al., 1997) was used to reveal defects of exo70A1 roots

in auxin metabolism, transport or signalling. The GUS

signal was weaker in the root tips of 4-day-old light-

grown exo70A1 seedlings than in the WT (exo70A1,

27.5 � 4.5, n = 10; WT, 40.1 � 5.3, n = 10; Student’s t-test

P = 0.0003; Figure 1c). Furthermore, rootward (acropetal)

transport of [3H]indole-3-acetic acid (IAA) from the shoot–

root transition zone was assayed, and was found to be

decreased by ~40% in exo70A1-2 (disintegrations per min-

ute, DPM = 829 � 91; n = 10) compared with the WT

(DPM = 1321 � 69; n = 10; Student’s t-test P < 0.0001;

Figure 1d). A comparable decrease in auxin transport

was also detected for exo70A1-1, another exo70A1

mutant allele, but not for GFP:EXO70A1 complemented

exo70A1-2 plants (Figure S1). Subsequent analyses of

ProDR5:GUS expression after external application of IAA

locally on the shoot–root transition zone confirmed our

previous observation (Figure 1e). In WT plants, IAA was

transported towards the root tip and induced ProDR5:

GUS expression along the vascular tissue within 3 h,

thereby reporting efficient IAA canalization into the stele

and transport to the root tip (Figure 1e). In exo70A1, on

the contrary, IAA was accumulated around the region of

application, was improperly canalized and the GUS signal

along most of the vascular tissue length was still absent

3 h after application (Figure 1e; quantitative analysis in

© 2012 The Authors
The Plant Journal © 2012 Blackwell Publishing Ltd, The Plant Journal, (2013), 73, 709–719

710 Edita Jankov�a Drdov�a et al.



Figure S2), indicating that the rootward auxin transport

was retarded.

The observed decrease in rootward auxin transport is

more consistent with what has been reported for loss of

PIN function (25–35%) rather than the greater decreases

(60–80%) seen in abcb mutants (Blakeslee et al., 2007).

Consistent with an impact primarily on PIN-mediated auxin

transport, the ABCB19 inhibitor gravacin (Rojas-Pierce

et al., 2007) inhibited the rootward transport in exo70A1

only 15% more than in the WT, and the AUX1/LAX auxin

uptake inhibitor 1-NOA had no less effect on transport in

exo70A1 when applied to seedlings 1 h after auxin

application (Figure 1d). We conclude that rootward PAT

is severely affected in Arabidopsis exo70A1 mutants,

possibly in a PIN-dependent way.

The recycling of plasma membrane proteins

is disturbed in exo70A1 mutant plants

The exo70A1 mutant accumulates a portion of PIN2:GFP in

abnormally expanded endomembrane compartments that

can be visualized with FM4-64 dye 30 min after application,

and that are absent in the WT (Figure 2a). These compart-

ments were observed in all exo70A1-2 seedlings analysed

with an average incidence of 7.0% of root cells per plant

(12 plants, total cell number = 330). We did not detect such

compartments in any WT plant analysed (n = 12, total cell

(a)

(d)

(b)

(e)

(c)

Figure 1. Root phenotypes and auxin transport in the Arabidopsis exo70A1 mutant.

(a) Wild-type (WT) seedlings grown on inclined agar surfaces (at a 50° angle from the horizontal) exhibit the characteristic waving and skewing to the left. Wav-

ing is suppressed and skewing to the opposite side occurs in exo70A1 mutants.

(b) Starch staining in root tips of 7-day-old seedlings revealed the reduced level of statolite starch in exo70A1 root tips. The significantly enlarged root cap is

also apparent in exo70A1. Scale bar: 100 lm.

(c) Visualization of auxin-response distribution in root tips of 4-day-old seedlings expressing the ProDR5:GUS reporter showed a reduced auxin level in exo70A1

root tips compared with the WT. Scale bars: 100 lm.

(d) Nanoscale rootward auxin transport was measured in roots after [3H]IAA was applied to the root–shoot junction. Gravacin, 1-NOA or no auxin transport

inhibitors were used. After 12 h, the level of [3H]IAA was determined in the roots, and revealed a significant reduction in auxin transport in exo70A1. DPM, disin-

tegrations per minute, �SDs are indicated; n = 10 for each column.

(e) Rootward auxin transport was examined by the application of IAA to the root–shoot junction (marked by arrows) of vertically grown ProDR5:GUS-expressing

seedlings. Staining was performed 0, 3, 6 and 12 h after the application of IAA. An auxin canalization defect in exo70A1 is illustrated by images of whole seed-

lings, by detailed images of root–shoot junctions and by sections from the middle part of roots (the last column). Scale bars: 100 lm.
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number = 290). In the case of exo70A1-1 (Figure S3), we

detected the abnormal compartments with an average inci-

dence of 6.5% in all mutant seedlings studied (10 plants,

total cell number = 353). Again, no such compartment was

detected in WT plants (n = 9, total cell number = 338). The

difference in the incidence of these abnormal compart-

ments between WT and mutant plants was tested using

the generalized linear models with binomial distribution of

errors (GLMbinom). The weight of each individual plant in

the model was proportional to the number of cells analy-

sed. The significance of GLMbinom was tested through the

v2 test (Faraway, 2006) and found to be highly significant

(P < 0.0001).

These abnormal endomembrane compartments are

positive for YFP:RAB-A5d, a marker of recycling endo-

somes (Geldner et al., 2009) (Figure 2b), but are clearly dis-

tinct from the early endosome/trans-Golgi network marked

by the VHA-a1:GFP marker (Dettmer et al., 2006) (Fig-

ure 2c).

A significant difference between WT and exo70A1

mutant cells was also observed in the re-establishment of

the localization of PIN1 and PIN2 to the PM after BFA-

induced internalization and subsequent BFA removal

(GLMbinom P < 0.0001; the numbers of analysed seedlings

and cells are indicated in Table S1). A 2-h BFA treatment

resulted in the internalization of PIN1:GFP and PIN2:GFP in

both WT and exo70A1 plants (Figure 3a,b). Washout of

BFA resulted in the re-establishment of PM localization of

both PIN1:GFP and PIN2:GFP after 30 min in the WT. In

contrast, BFA compartments containing GFP-tagged PINs

were still present in cells even 90 min after the washout in

exo70A1 seedlings (Figure 3a,b). To exclude that the disag-

gregation of BFA compartments after BFA washout was

affected by different accumulation of BFA compartments

after 2 h of BFA treatment, we compared the proportion of

affected cells after 2 h of BFA treatment in both WT and

exo70A1 expressing PIN2:GFP. We found no difference

between both genotypes (GLMbinom P > 0.05; Table S1).

We observed the relocalization of both PIN1:GFP and

PIN2:GFP proteins from BFA compartments to the apical

PM domain after a prolonged 12 h of BFA treatment in WT

cells, which is consistent with a previous report by Kleine-

Vehn et al. (2008). In contrast, such relocalization was

significantly impaired in exo70A1 mutants, where PIN pro-

teins remained accumulated mainly in BFA compartments

(GLMbinom, P < 0.0001; Table S1; Figure 3a,b), pointing

strongly to the EXO70A1 function in the recycling of PINs

between endomembrane compartments and the PM.

Although we observed the partial relocalization of PIN1:

GFP from basal to apical PM, referred to as transcytosis in

the WT, it was not so pronounced in exo70A1 cells (Fig-

ure 3a). Despite the fact that BFA compartments were still

present after prolonged BFA treatment, partial PIN2:GFP

super-apicalization, i.e. the relocalization of PINs to the

middle of the apical membrane, was documented in

exo70A1 epidermal cells (Figure 3b).

To confirm results from both transient and prolonged

chronic BFA treatment, and to eliminate possible artefacts

caused by GFP fusions, we also visualized the effect of

BFA using anti-PIN1 and anti-PIN2 antibodies (Figure S4)

(a) (b) (c)

Figure 2. Root epidermal cells of exo70A1 retain PIN2:GFP in abnormally expanded endomembrane compartments.

Seedlings expressing PIN2:GFP (a), YFP:RAB-A5d (b) or VHA-a1:GFP (c), respectively, were stained by FM4-64 dye 30 min before imaging. An accumulation of

PIN2:GFP in abnormally expanded endomembrane compartments was observed in exo70A1 root cells (marked by arrowheads). These structures (marked by

arrowheads) colocalized with the FM4-64 dye (a) and were YFP:RAB-A5d positive (b), but were VHA-a1:GFP negative (c). Scale bars: 10 lm.
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(a)

(b)

Figure 3. Both exo70A1 and sec8 mutants exhibit impaired recycling of PIN1 and PIN2 from BFA compartments to plasma membrane.

Seedlings expressing PIN1:GFP (a) or PIN2:GFP (b) were imaged before and after 2 h of treatment with brefeldin A (BFA), 30 and 90 min after BFA washout, and

after a prolonged 12-h treatment with BFA. The localization of PIN proteins in the plasma membrane was re-established by 30 min after washout in the wild type

(WT). However, a delay in the recovery of PIN1:GFP and PIN2:GFP was observed in exo70A1 and sec8 plants even 90 min after BFA washout. The relocalization

of PIN1:GFP and PIN2:GFP from BFA compartments to the PM after 12 h of BFA treatment was impaired in both exo70A1 and sec8 seedlings. Arrowheads point

to sites of strong PIN2:GFP super-apicalization. Scale bars: 10 lm.
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as well as FM4-64 (Figure S5). These experiments provided

data identical to results obtained with GFP-tagged PIN1

and PIN2, and fully proved our observations.

Similar defects in PIN1:GFP and PIN2:GFP recycling,

after both transient and prolonged BFA treatment, were

also observed in the sec8-m1 mutant partially comple-

mented by ProLAT52:SEC8 (Cole et al., 2005) (Figure 3a,b).

Again, the difference between WT and mutant plants was

highly significant (GLMbinom, P < 0.0001; Table S1).

Loss of EXO70A1 function also affected the trafficking of

the brassinosteroid receptor BRI1, a transmembrane pro-

tein that constitutively cycles between endomembrane

compartments and the PM through BFA-sensitive traffick-

ing (Geldner et al., 2007). BFA treatment of WT and

exo70A1 seedlings expressing BRI1:GFP resulted in the for-

mation of BRI1-positive BFA compartments (Figure 4);

recycling of BRI1:GFP back to the PM was significantly

delayed after the washout, and relocalization of BRI1:GFP

from BFA compartments to the PM after prolonged BFA

treatment was blocked in exo70A1 mutants (Figure 4). In

both cases, the difference between WT and mutant plants

was highly significant (GLMbinom, P < 0.0001; Table S1).

These results suggest that the EXO70A1 exocyst subunit is

required for a more general recycling of PM proteins.

The subcellular localization of exocyst subunits

is unaffected by treatment with brefeldin A

After transformation of heterozygous exo70A1 plants with

Pro35S:GFP:EXO70A1, the restoration of WT phenotypes

was observed in exo70A1 homozygotes (Figure S6). GFP:

EXO70A1 was localized evenly at the PM, partially in the

cytoplasm and at post-cytokinetic cross walls in both trans-

formed mutant plants and WT (Figure 5a; Fendrych et al.,

2010). We also recorded a similar localization for other exo-

cyst subunits ProSEC8:GFP:SEC8 and Pro35S:YFP:SEC10

(Figure 5a). The PM localization of all exocyst subunits

tested was resistant to treatment with 50 lM BFA for 2 h

(Figure 5b).

DISCUSSION

In this study, we documented that exocyst components

participate in the recycling of PIN1 and PIN2 auxin trans-

porters. Such a function is consistent with the observed

exo70A1 mutant phenotypes, including compromised api-

cal dominance, retarded root hair elongation and delayed

lateral root initiation: processes dependent on auxin level

(e.g. reviewed in Benjamins and Scheres, 2008). Strikingly

similar phenotypic deviations in comparison to exo70A1

are exhibited by weak gnom alleles in Arabidopsis: gnomR5

and gnomB/E. Whereas loss-of-function alleles of the

GNOM gene lead to severe defects in the early embryonic

development, characterized by the perturbed establish-

ment of an embryonic axis, lack of the embryonic root and

fused or missing cotyledons (Mayer et al., 1993), the weak

Figure 4. BRI1 recycling is disturbed in the exo70A1mutant.

Seedlings imaged before treatment with brefeldin A (BFA) showed compara-

ble localization of BRI1:GFP to the plasma membrane in exo70A1 and wild-

type (WT) seedlings. After 2 h of BFA treatment, exo70A1 and WT seedlings

exhibited BRI1:GFP internalized in BFA compartments. Whereas BRI1:GFP was

sufficiently relocalized to the plasma membrane by 30 min after BFA washout

in the WT, it persisted as late as 90 min after washout in exo70A1 seedlings.

The localization of BRI1:GFP to the plasma membrane was also restored dur-

ing a prolonged 12-h treatment with BFA in the WT, whereas BRI1:GFP

remained in the BFA compartments in exo70A1 seedlings. Scale bars: 10 lm.
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alleles are nearly indistinguishable from the WT up to

5 days after germination. Weak gnom alleles are defective

in lateral root formation (Geldner et al., 2004), similar to

exo70A1 and sec8-m1 mutants. After treatment with syn-

thetic auxin (NAA), strongly increased expression of the

auxin-response reporter DR5::GUS throughout the whole

root tissue of the gnomR5 mutant was observed, whereas

WT effectively canalized and transported auxin (Geldner

et al., 2004). This observation strongly resembles the

defect in exo70A1 plants and points to the auxin transport

defect. We did not observe any apicalization of PIN1 or

PIN2 in exo70A1 mutants, as described for weak gnom

alleles (Kleine-Vehn et al., 2008; Ikeda et al., 2009), because

the exocyst probably functions in different steps of recy-

cling downstream of GNOM. We conclude that EXO70A1

and SEC8 (most probably as a part of the entire exocyst

complex) also participate in PIN PM recycling.

The loss of EXO70A1 function resulted in a completely

perturbed root-waving phenotype in the mutants. Waving

has been proposed to reflect circumnutation, gravitropism

and negative thigmotropism, and it has been supposed

that auxin transport and signalling is also involved in this

process (Migliaccio and Piconese, 2001; Santner and Wat-

son, 2006). Recently, WAG1 and WAG2 proteins, being

suppressors of waving (Santner and Watson, 2006), were

shown to act redundantly in PINOID function (Dhonukshe

(a)

(b)

Figure 5. Exocyst subunits localize to the plasma membrane, and their localization is brefeldin-A resistant.

(a) GFP:EXO70A1, GFP:SEC8 and YFP:SEC10 exhibit cytosolic and non-polar localization to the plasma membrane (upper row). Labelling by FM4-64 is displayed

in the lower row. Scale bars: 10 lm.

(b) Whereas treatment with BFA for 2 h caused the typical internalization of PIN2:GFP into BFA compartments, the localization of fluorescently labelled exocyst

subunits remain unchanged (upper row). Labelling by FM4-64 is displayed in the lower row. Scale bars: 10 lm.
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et al., 2010). Unlike exo70A1, both single and double

mutants in WAG1 and WAG2 display an exaggerated

waving phenotype (Santner and Watson, 2006). It was pro-

ven that WAG1 and WAG2 as well as PINOID are ACG kin-

ases that instruct basal-to-apical PIN polarity shifts (Friml

et al., 2004; Dhonukshe et al., 2010). These findings corrob-

orate a possibility that changes in the root-waving pheno-

type and root tip auxin maxima reflect changes in auxin

distribution in exo70A1 caused by compromised PIN1 and

PIN2 recycling.

We have observed only slight temporary defects in the

root gravitropic response during seed germination of

exo70A1 mutants, despite the fact that a compromised

gravitropic response is a common feature of auxin trans-

port and signalling mutants (Bennett et al., 1996; Chen

et al., 1998). Thus, the perturbation of PIN1 and PIN2

cycling is not so severe to alter gravitropic root responses

in exo70A1 mutants, suggesting functional redundancy

between EXO70 isoforms in the PIN-dependent lateral

auxin redirection involved in response to gravity (Friml

et al., 2002). Functional redundancy between EXO70 iso-

forms is highly probable, and might be very complex: we

previously reported that at least 16 out of 23 EXO70s are

expressed in Arabidopsis root cells, with EXO70A1 being

the most abundantly expressed in both roots and shoots

(Synek et al., 2006; Genevestigator database). Also, in the

case of PIN proteins, all five root-expressed PINs were doc-

umented to partially compensate each other (Blilou et al.,

2005; Vieten et al., 2005).

We also described here a defect in the separation of root

cap border-like cells in exo70A1 mutants. The root cap

architecture is known to be regulated by the secretion of

cell wall-macerating enzymes (Durand et al., 2009), as well

as by auxin distribution (Sabatini et al., 1999; Ponce et al.,

2005; Jiang et al., 2006). The mechanism of the malformed

root cap formation in exo70A1 will be a subject of our fur-

ther study.

In root tissues of the exo70A1 mutant, we observed

significantly retarded rootward auxin transport and per-

turbed proper canalization of externally applied IAA. At

the cellular level, exo70A1 accumulates a portion of PIN2:

GFP in abnormally enlarged compartments that do not

colocalize with the early endosome/trans-Golgi network

marker VHA-a1:GFP, but overlap with the YFP:RAB-A5d

recycling endosome marker. Other Arabidopsis exocyst

mutants, exo84b-1 and exo84b-2, exhibit pronounced secre-

tory defects, demonstrated by the accumulation of unspeci-

fied enlarged vesicles (Fendrych et al., 2010). The formation

of aberrant endomembrane compartments in plant exocyst

mutants is in accordance with studies in animal and yeast

cells. In Drosophila, for example, mutations in any of exo-

cyst subunits Sec5, Sec6 or Sec15 provoke the accumulation

of DE-Cadherin in enlarged Rab11-recycling endosomes

(Langevin et al., 2005). In Saccharomyces cerevisiae, an

accumulation of vesicles was also observed in mutants in

exocyst subunits (Novick et al., 1980; Guo et al., 1999).

A pronounced delay in PIN1:GFP and PIN2:GFP recycling

to the PM was observed after transient BFA treatment in

exo70A1 and sec8 mutants. To confirm that the observed

defect in recycling is not an artefact of using GFP-based

markers, we performed the immunofluorescence labelling

of PIN1 and PIN2 and FM4-64 dye staining in the same

experimental design. Both experiments confirmed the

longer persistence of BFA compartments in exo70A1

mutants compared with WT plants. As similar recycling

defects were recorded for BRI1:GFP in exo70A1 plants, we

conclude that the EXO70A1 exocyst subunit is possibly

involved in the recycling of at least some PM proteins,

similarly to mammalian Exo70, as mentioned above. In

mammals and yeast, indeed, the exocyst complex partici-

pates in the targeting of transporters and receptors to the

PM. In mouse adipocytes, the tethering of secretory vesi-

cles carrying the GLUT4 glucose transporter is regulated

by the interaction of the Exo70 exocyst subunit with the Rho

GTPase TC10 (Inoue et al., 2003). The involvement of exo-

cyst subunits in cell polarization was also described in

developing neurons, demonstrating the role of the rat TC10-

Exo70 complex in IGF-1 receptor polarization and mem-

brane expansion (Dupraz et al., 2009). In Drosophila embryo

polarization, epithelial polarity is established by the delivery

of vesicles carrying the Crumbs protein, a key determinant

of epithelial identity, to the apical PM in a process regulated

by the EXO84 exocyst subunit (Blankenship et al., 2007).

Prolonged BFA treatment typically induces PIN trans-

cytosis in Arabidopsis, i.e. the relocalization of PINs from

the basal to the apical PM domain (Kleine-Vehn et al.,

2008). However, the transcytotic relocalization of PINs also

occurs under physiological conditions, as shown by a mas-

sive redirection of PIN2 from the apical and basal cell sides

of a newly formed cell plate to strictly apical or basal sides

(Kleine-Vehn et al., 2008). The considerably impaired

relocalization of PIN proteins demonstrated by the persis-

tence of both PIN1:GFP and PIN2:GFP in BFA compartments

during prolonged BFA treatment in exo70A1 and sec8

mutants was the most striking phenotype observed on the

cellular level. A transcytotic defect was further confirmed

using PIN1 and PIN2 antibodies and FM4-64 dye staining,

which showed that GFP-tagged PINs behave the same way

as the endogenous PINs, and that the recycling defect

observed in our study does not originate from a methodo-

logical artefact of GFP tagging.

A similar recycling defect was also observed for the BRI1

receptor in exo70A1, indicating that the recycling of some

transporters and receptors is an exocyst-dependent pro-

cess. In animals, the exocyst was also revealed to partici-

pate in transcytosis. Oztan et al. (2007) observed

localization of the exocyst to the apical and basolateral

endocytic compartments, and described the involvement
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of Sec15A in basolateral to apical transcytosis. Recently,

we described the involvement of the exocyst in the matura-

tion of the cell plate (Fendrych et al., 2010), indicating a

possibility of exocyst-dependent PIN repolarization on

these PM domains after the cytokinesis.

In summary, our results indicate that the exocyst, an

ancient eukaryotic module for polarized exocytosis, func-

tions in polar auxin transport processes that contribute to

the establishment of polarity, which underlies develop-

ment in land plants.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

Mutant Arabidopsis lines exo70A1 (Synek et al., 2006) and
sec8-m1 (Cole et al., 2005) have been described previously, as well
as lines expressing ProDR5:GUS (Ulmasov et al., 1997), VHA-a1:
GFP (Dettmer et al., 2006), YFP:RAB-A5d (Geldner et al., 2009),
PIN1:GFP (Benkov�a et al., 2003), PIN2:GFP (Xu and Scheres, 2005)
and BRI1:GFP (Russinova et al., 2004). The preparation of Col-0
lines expressing GFP:EXO70A1 and GFP:SEC8 was described in
Fendrych et al. (2010). The SEC10 CDS was cloned into a modified
pVKH vector using SpeI and SalI sites to yield the YFP:SEC10
fusion, and the construct was used for Agrobacterium-mediated
transformation of Col-0 plants.

Arabidopsis seeds were surface sterilized (10 min in 20% com-
mercial bleach and rinsed three times with sterile distilled water;
Bochemie, http://www.savo.eu) and dispersed onto agar plates
with growing medium: half-strength MS salts (Sigma-Aldrich,
http://www.sigmaaldrich.com) supplemented with 1% (w/v)
sucrose (Fluka, http://www.sigmaaldrich.com/Fluka), vitamins,
1.6% (w/v) plant agar (Duchefa, http://www.duchefa.com), buffered
to pH 5.7. Stratification was performed at 4°C for 3 days. Seed-
lings were either grown vertically or grown on an inclined agar
surface (at a 50° angle from the horizontal) in a climate chamber
held at 22°C under long-day conditions (16 h of light per day).

Auxin transport assay and GUS staining

Rootward auxin transport was measured in 7-day-old seedlings, as
described in Blakeslee et al. (2007), with the following modifica-
tions: a 20-nl droplet of 1 mM IAA ([3H]IAA 25 Ci mmol�1;
GE Healthcare, http://www.gehealthcare.com/amarshamrads) was
applied to the root–shoot transition zone. The 1-NOA inhibitor
(20 lM; Sigma-Aldrich) was applied 1 h after the initiation of
assays by pipetting 1-ll droplets in 0.3% agarose at the root–shoot
transition zone. Gravacin (20 lM; Chembridge, http://www.chem-
bridge.com) was applied after 1 h as 5-ll droplets on the surface
of each primary root, with the solution restricted to the chromatog-
raphy paper strip supporting this section of the root. As roots of
light-grown exo70A1 seedlings are on average about 30% shorter
than WT roots (Synek et al., 2006), only exo70A1 and WT seedlings
with comparable root length were used for the measurements.

Auxin transport was visualized in 7-day-old seedlings express-
ing ProDR5:GUS similarly as described in Rashotte et al. (2001).
Plantlets were treated with an application of 10 lM IAA (Sigma-
Aldrich) in a 1% agar cylinder on the root–shoot junction for 3, 6
or 12 h.

For GUS staining, seedlings were vacuum infiltrated with stain-
ing solution [50 mM sodium phosphate buffer, pH 7.2, 250 lM

K3Fe(CN)6, 250 lM K4Fe(CN)6, 2% Triton-X and 1 mM 5-bromo-

4-chloro-3-indolyl-b-D-glucuronic acid (X-GlcA); Duchefa, http://
www.duchefa.com) for 1 h and then incubated at 37°C until proper
colour development. Tissue was stepwise cleared (by 30 min) in
20% ethanol, 40% ethanol, a mixture of ethanol : acetic acid (3:1),
40% ethanol and 20% ethanol, and then mounted in 50% glycerol
for imaging. To evaluate the staining intensity, we counted the
number of pixels for which the signal in the blue channel was
stronger than a threshold value. To test for significant differences
between WT and mutant plants, we first used the Shapiro–Wilk
test for normality and subsequently applied the Student’s t-test.

Starch staining

Five-day-old seedlings were stained for 15 min with Lugol’s solu-
tion, followed by a 10-min wash. Images of root tips were analy-
sed with IMAGEJ: the intensity of the signal was evaluated as the
number of pixels of brightness darker than 45 on the 256-degree
grey scale. To test for a significant difference between WT and
mutant plants, we first used the Shapiro–Wilk test for normality
and subsequently applied the Student’s t-test.

Drug treatments

Seedlings were transferred from agar plates into six-well cell cul-
ture plates containing half-strength MS liquid medium supple-
mented with 50 lM BFA (50 mM stock in DMSO; Sigma-Aldrich)
and incubated under light conditions in a climate chamber for 2 h.
DMSO in the same final concentration (0.1%) was added to nega-
tive controls. The washout of BFA was performed by the transfer
of seedlings to medium without the drug. Seedlings were labelled
by FM4-64 (Invitrogen, http://www.invitrogen.com) at a final con-
centration of 5 lM 30 min before observation.

Immunolabelling

After fixing 4-day-old seedlings in 4% paraformaldehyde for 2.5 h
under low pressure we followed the procedure described by Friml
et al. (2003), employing an InsituPro roboter, except we used an
MTSB buffer (50 mM PIPES, 2 mM EGTA, 2 mM MgSO4, pH 6.9) for
the whole procedure instead of PBS. Both the goat anti-PIN1 anti-
body (Santa Cruz Biotechnology, http://www.scbt.com) and the
chicken anti-PIN2 antibody (Agrisera, http://www.agrisera.com)
were diluted 1:300. Secondary antibodies anti-goat Alexa Fluor
488 (Invitrogen) and anti-chicken Alexa Fluor 555 (Invitrogen) were
diluted 1:600.

Microscopy

Seedlings expressing ProDR5:GUS or stained with Lugol’s solu-
tion (Sigma-Aldrich) were documented using an Olympus BX-51
microscope with an Olympus DP50 camera attached (Olympus,
http://www.olympus.com).

Seedlings expressing fluorescently labelled proteins and immuno-
labelled seedlings were observed using a Zeiss LSM 5 DUO confocal
laser scanning microscope equipped with a Zeiss C-Apochromat
40 9 /1.2 water-corrected objective (Zeiss, http://corporate.zeiss.
com). For live imaging, we used a chambered coverglass Lab-Tek II
(Thermo Scientific, http://www.nuncbrand.com) in which seedlings
in half-strength MS liquid mediumwere fixed under a block of agar.
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Figure S1. Rootward auxin transport is compromised in the
exo70A1-1 mutant, but not in the GFP:EXO70A1-complemented
exo70A1-2 mutant.

Figure S2. Quantitative analysis of auxin response distribution in
exo70A1 roots after local application of IAA.

Figure S3. Root epidermal cells of exo70A1-1 retain PIN2:GFP in
abnormally expanded endomembrane compartments and exhibit
a recycling defect in PIN2:GFP.

Figure S4. Impaired recycling of PIN1 and PIN2 from brefeldin-A
compartments to the plasma membrane, as visualized by immu-
nolabelling in exo70A1-2 mutants.

Figure S5. Impaired recycling of PIN1 and PIN2 from brefeldin-A
compartments to the plasma membrane, as visualized by FM4-64
dye staining in exo70A1-2 mutants.

Figure S6. GFP:EXO70A1 expression complements the EXO70A1
mutation.

Table S1. Number of analysed plants and cells and percentage of
affected cells in brefeldin-A experiments.

REFERENCES

Benjamins, R. and Scheres, B. (2008) Auxin: the looping star in plant devel-

opment. Annu. Rev. Plant Biol. 59, 443–465.
Benkov�a, E., Michniewicz, M., Sauer, M., Teichmann, T., Seifertov�a, D.,

J€urgens, G. and Friml, J. (2003) Local, efflux-dependent auxin gradients

as a common module for plant organ formation. Cell, 115, 591–602.
Bennett, M.J., Marchant, A., Green, H.G., May, S.T., Ward, S.P., Millner, P.

A., Walker, A.R., Schulz, B. and Feldmann, K.A. (1996) Arabidopsis AUX1

gene: a permease-like regulator of root gravitropism. Science, 273, 948–
950.

Blakeslee, J.J., Bandyopadhyay, A., Lee, O.R. et al. (2007) Interactions

among PIN-FORMED and P-Glycoprotein auxin transporters in Arabidop-

sis. Plant Cell, 19, 131–147.
Blankenship, J.T., Fuller, M.T. and Zallen, J.A. (2007) The Drosophila homo-

log of the Exo84 exocyst subunit promotes apical epithelial identity. J.

Cell Sci. 120, 3099–3110.
Blilou, I., Xu, J., Wildwater, M., Willemsen, V., Paponov, I., Friml, J., Heid-

stra, R., Aida, M., Palme, K. and Scheres, B. (2005) The PIN auxin efflux

facilitator network controls growth and patterning in Arabidopsis roots.

Nature, 433, 39–44.
Boyd, C., Hughes, T., Pypaert, M. and Novick, P. (2004) Vesicles carry most

exocyst subunits to exocytic sites marked by the remaining two subunits,

Sec3p and Exo70p. J. Cell Biol. 167, 889–901.
Chen, R., Hilson, P., Sedbrook, J., Rosen, E., Caspar, T. and Masson, P.H.

(1998) The Arabidopsis thaliana AGRAVITROPIC 1 gene encodes a com-

ponent of the polar-auxin-transport efflux carrier. Proc. Natl Acad. Sci.

USA, 95, 15112–15117.
Cole, R.A., Synek, L., �Z�arsk�y, V. and Fowler, J.E. (2005) SEC8, a subunit of

the putative Arabidopsis exocyst complex, facilitates pollen germination

and competitive pollen tube growth. Plant Physiol. 138, 34–45.
Cvr�ckov�a, F., Eli�a�s, M., H�ala, M., Obermeyer, G. and �Z�arsk�y, V. (2001) Small

GTPases and conserved signalling pathways in plant cell morphogenesis:

from exocytosis to Exocyst. Cell Biol. Plant Fungal Tip Growth, 10,

5–22.
Dettmer, J., Hong-Hermesdorf, A., Stierhof, Y.-D. and Schumacher, K.

(2006) Vacuolar H+ -ATPase activity is required for endocytic and secre-

tory trafficking in Arabidopsis. Plant Cell, 18, 715–730.
Dhonukshe, P., Aniento, F., Hwang, I., Robinson, D.G., Mravec, J., Stierhof,

Y.D. and Friml, J. (2007) Clathrin-mediated constitutive endocytosis of

PIN auxin efflux carriers in Arabidopsis. Curr. Biol. 17, 520–527.
Dhonukshe, P., Tanaka, H., Goh, T. et al. (2008) Generation of cell polarity

in plants links endocytosis, auxin distribution and cell fate decisions.

Nature, 456, 962–966.
Dhonukshe, P., Huang, F., Galvan-Ampudia, C.S. et al. (2010) Plasma

membrane-bound AGC3 kinases phosphorylate PIN auxin carriers at

TPRXS(N/S) motifs to direct apical PIN recycling. Development, 137,

3245–3255.
Dupraz, S., Grassi, D., Bernis, M.E., Sosa, L., Bisbal, M., Gastaldi, L., Jaus-

oro, I., C�aceres, A., Pfenninger, K.H. and Quiroga, S. (2009) The TC10-

Exo70 complex is essential for membrane expansion and axonal specifi-

cation in developing neurons. J. Neurosci. 29, 13292–13301.
Durand, C., Vicr�e-Gibouin, M., Follet-Gueye, M.L., Duponchel, L., Moreau,

M., Lerouge, P. and Driouich, A. (2009) The organization pattern of root

border-like cells of Arabidopsis is dependent on cell wall homogalacturo-

nan. Plant Physiol. 150, 1411–1421.
Eli�a�s, M., Drdov�a, E., �Ziak, D., Bavlnka, B., H�ala, M., Cvr�ckov�a, F., Souku-

pov�a, H. and �Z�arsk�y, V. (2003) The exocyst complex in plants. Cell Biol.

Int. 27, 199–201.
Faraway, J. (2006) Extending the Linear Model with R: Generalized Linear,

Mixed Effects and Nonparametric Regression Models. Boca Raton: Chap-

man and Hall/CRC.

Fendrych, M., Synek, L., Pe�cenkov�a, T. et al. (2010) The Arabidopsis exocyst

complex is involved in cytokinesis and cell plate maturation. Plant Cell,

22, 3053–3065.
Friml, J., Vieten, A., Sauer, M., Weijers, D., Schwarz, H., Hamann, T.,

Offringa, R. and J€urgens, G. (2003) Efflux-dependent auxin gradients

establish the apical-basal axis of Arabidopsis. Nature, 426, 147–153.
Friml, J., Wi�sniewska, J., Benkov�a, E., Mendgen, K. and Palme, K. (2002)

Lateral relocation of auxin efflux regulator PIN3 mediates tropism in Ara-

bidopsis. Nature, 415, 806–809.
Friml, J., Yang, X., Michniewicz, M. et al. (2004) A PINOID-dependent binary

switch in apical-basal PIN polar targeting directs auxin efflux. Science,

306, 862–865.
Furutani, M., Kajiwara, T., Kato, T., Treml, B.S., Stockum, C., Torres-Ruiz, R.

A. and Tasaka, M. (2007) The gene MACCHI-BOU 4/ENHANCER OF PI-

NOID encodes a NPH3-like protein and reveals similarities between

organogenesis and phototropism at the molecular level. Development,

134, 3849–3859.
Furutani, M., Sakamoto, N., Yoshida, S., Kajiwara, T., Robert, H.S., Friml, J.

and Tasaka, M. (2011) Polar-localized NPH3-like proteins regulate polarity

and endocytosis of PIN-FORMED auxin efflux carriers. Development, 138,

2069–2078.
G€alweiler, L., Guan, C., M€uller, A., Wisman, E., Mendgen, K., Yephremov, A.

and Palme, K. (1998) Regulation of polar auxin transport by AtPIN1 in

Arabidopsis vascular tissue. Science, 282, 2226–2230.
Geldner, N., Friml, J., Stierhof, Y.D., Jurgens, G. and Palme, K. (2001) Auxin

transport inhibitors block PIN1 cycling and vesicle trafficking. Nature,

413, 425–427.
Geldner, N., Anders, N., Wolters, H., Keicher, J., Kornberger, W., Muller, P.,

Delbarre, A., Ueda, T., Nakano, A. and J€urgens, G. (2003) The Arabidop-

sis GNOM ARF-GEF mediates endosomal recycling, auxin transport, and

auxin-dependent plant growth. Cell, 112, 219–230.
Geldner, N., Richter, S., Vieten, A., Marquardt, S., Torres-Ruiz, R.A., Mayer,

U. and J€urgens, G. (2004) Partial loss-of-function alleles reveal a role for

GNOM in auxin transport-related, post-embryonic development of Ara-

bidopsis. Development, 131, 389–400.
Geldner, N., Hyman, D.L., Wang, X., Schumacher, K. and Chory, J. (2007)

Endosomal signaling of plant steroid receptor kinase BRI1. Genes Dev.

21, 1598–1602.
Geldner, N., D�enervaud-Tendon, V., Hyman, D.L., Mayer, U., Stierhof, Y.

and Chory, J. (2009) Rapid, combinatorial analysis of membrane

compartments in intact plants with a multicolor marker set. Plant J. 59,

169–178.

© 2012 The Authors
The Plant Journal © 2012 Blackwell Publishing Ltd, The Plant Journal, (2013), 73, 709–719

718 Edita Jankov�a Drdov�a et al.



Guo, W., Roth, D., Walch-Solimena, C. and Novick, P. (1999) The exocyst is

an effector for Sec4p, targeting secretory vesicles to sites of exocytosis.

EMBO J. 18, 1071–1080.
H�ala, M., Cole, R., Synek, L. et al. (2008) An exocyst complex functions in

plant cell growth in Arabidopsis and tobacco. Plant Cell, 20, 1330–1345.
Hazak, O., Bloch, D., Poraty, L., Sternberg, H., Zhang, J., Friml, J. and Yalov-

sky, S. (2010) A rho scaffold integrates the secretory system with feed-

back mechanisms in regulation of auxin distribution. PLoS Biol. 8,

e1000282.

He, B., Xi, F., Zhang, X., Zhang, J. and Guo, W. (2007) Exo70 interacts with

phospholipids and mediates the targeting of the exocyst to the plasma

membrane. EMBO J. 26, 4053–4065.
Ikeda, Y., Men, S., Fischer, U., Stepanova, A.N., Alonso, J.M., Ljung, K. and

Grebe, M. (2009) Local auxin biosynthesis modulates gradient-directed

planar polarity in Arabidopsis. Nat. Cell Biol. 11, 731–738.
Inoue, M., Chang, L., Hwang, J., Chiang, S.H. and Saltiel, A.R. (2003) The

exocyst complex is required for targeting of Glut4 to the plasma mem-

brane by insulin. Nature, 422, 629–633.
Jiang, K., Zhang, S., Lee, S., Tsai, G., Kim, K., Huang, H., Chilcott, C., Zhu,

T. and Feldman, L.J. (2006) Transcription profile analyses identify genes

and pathways central to root cap functions in maize. Plant Mol. Biol. 60,

343–363.
Kitakura, S., Vanneste, S., Robert, S., L€ofke, Ch., Teichmann, T., Tanaka, H.

and Friml, J. (2011) Clathrin mediates endocytosis and polar distribution

of PIN auxin transporters in Arabidopsis. Plant Cell, 23, 1920–1931.
Kleine-Vehn, J., Dhonukshe, P., Sauer, M., Brewer, P.B., Wisniewska, J.,

Paciorek, T., Benkov�a, E. and Friml, J. (2008) ARF GEF-dependent trans-

cytosis and polar delivery of PIN auxin carriers in Arabidopsis. Curr. Biol.

18, 526–531.
Koumandou, V.L., Dacks, J.B., Coulson, R.M. and Field, M.C. (2007) Control

systems for membrane fusion in the ancestral eukaryote; evolution of

tethering complexes and SM proteins. BMC Evol. Biol. 7, 29.

Kulich, I., Cole, R., Drdov�a, E., Cvr�ckov�a, F., Soukup, A., Fowler, J. and
�Z�arsk�y, V. (2010) Arabidopsis exocyst subunits SEC8 and EXO70A1 and

exocyst interactor ROH1 are involved in the localized deposition of seed

coat pectin. New Phytol. 188, 615–625.
Langevin, J., Morgan, M.J., Ross�e, C., Racine, V., Sibarita, J.B., Aresta, S.,

Murthy, M., Schwarz, T., Camonis, J. and Bella€ıche, Y. (2005) Drosophila

exocyst components Sec5, Sec6, and Sec15 regulate DE-Cadherin traf-

ficking from recycling endosomes to the plasma membrane. Dev. Cell, 9,

365–376.
Lavy, M., Bloch, D., Hazak, O., Gutman, I., Poraty, L., Sorek, N., Sternberg, H.

and Yalovsky, S. (2007) A novel ROP/RAC effector links cell polarity, root-

meristemmaintenance, and vesicle trafficking. Curr. Biol. 17, 947–952.
Mayer, U., Buttner, G. and Jurgens, G. (1993) Apical-basal pattern formation

in the Arabidopsis embryo: studies on the role of the gnom gene. Devel-

opment, 117, 149–162.
Michniewicz, M., Zago, M.K., Abas, L. et al. (2007) Antagonistic regulation

of PIN phosphorylation by PP2A and PINOID directs auxin flux. Cell, 130,

1044–1056.
Migliaccio, F. and Piconese, S. (2001) Spiralizations and tropisms in Arabid-

opsis roots. Trends Plant Sci. 6, 561–565.
Novick, P., Field, C. and Schekman, R. (1980) Identification of 23 comple-

mentation groups required for post-translational events in the yeast

secretory pathway. Cell, 21, 205–215.
Oztan, A., Silvis, M., Weisz, O.A., Bradbury, N.A., Hsu, S.C., Goldenring, J.

R., Yeaman, C. and Apodaca, G. (2007) Exocyst requirement for endo-

cytic traffic directed toward the apical and basolateral poles of polarized

MDCK cells. Mol. Biol. Cell, 18, 3978–3992.
Ponce, G., Barlow, P.W., Feldman, L.J. and Cassab, G.I. (2005) Auxin and

ethylene interactions control mitotic activity of the quiescent centre, root

cap size, and pattern of cap cell differentiation in maize. Plant, Cell Envi-

ron. 28, 719–732.
Rashotte, A.M., DeLong, A. and Muday, G.K. (2001) Genetic and chemical

reductions in protein phosphatase activity alter auxin transport, gravity

response, and lateral root growth. Plant Cell, 13, 1683–1697.
Rojas-Pierce, M., Titapiwatanakun, B., Sohn, E.J. et al. (2007) Arabidopsis

P-glycoprotein19 participates in the inhibition of gravitropism by grava-

cin. Chem. Biol. 14, 1366–1376.
Russinova, E., Borst, J.-W., Kwaaitaal, M., Ca~no-Delgado, A., Yin, Y., Chory,

J. and de Vries, S.C. (2004) Heterodimerization and endocytosis of Ara-

bidopsis brassinosteroid receptors BRI1 and AtSERK3 (BAK1). Plant Cell,

16, 3216–3229.
Sabatini, S., Beis, D., Wolkenfelt, H. et al. (1999) An auxin-dependent distal

organizer of pattern and polarity in the Arabidopsis root. Cell, 99, 463–
472.

Santner, A.A. and Watson, J.C. (2006) The WAG1 and WAG2 protein kinases

negatively regulate root waving in Arabidopsis. Plant J. 45, 752–764.
Steinmann, T., Geldner, N., Grebe, M., Mangold, S., Jackson, C.L., Paris, S.,

G€alweiler, L., Palme, K. and J€urgens, G. (1999) Coordinated polar locali-

zation of auxin efflux carrier PIN1 by GNOM ARF GEF. Science, 286, 316–
318.

Synek, L., Schlager, N., Eli�a�s, M., Quentin, M., Hauser, M.T. and �Z�arsk�y, V.

(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.
Ulmasov, T., Murfett, J., Hagen, G. and Guilfoyle, T.J. (1997) Aux/IAA pro-

teins repress expression of reporter genes containing natural and highly

active synthetic auxin response elements. Plant Cell, 9, 1963–1971.
Vieten, A., Vanneste, S., Wi�sniewska, J., Benkov�a, E., Benjamins, R., Beeck-

man, T., Luschnig, C. and Friml, J. (2005) Functional redundancy of PIN

proteins is accompanied by auxin-dependent cross-regulation of PIN

expression. Development, 132, 4521–4531.
Wen, T.-J., Hochholdinger, F., Sauer, M., Bruce, W. and Schnable, P.S.

(2005) The roothairless1 gene of maize encodes a homolog of sec3,

which is involved in polar exocytosis. Plant Physiol. 138, 1637–1643.
Wi�sniewska, J., Xu, J., Seifertov�a, D., Brewer, P.B., R�u�zi�cka, K., Blilou, I.,

Rouqui�e, D., Benkov�a, E., Scheres, B. and Friml, J. (2006) Polar PIN locali-

zation directs auxin flow in plants. Science, 312, 883.

Wu, H., Turner, C., Gardner, J., Temple, B. and Brennwald, P. (2010) The

Exo70 subunit of the exocyst is an effector for both Cdc42 and Rho3

function in polarized exocytosis. Mol. Biol. Cell, 21, 430–442.
Xu, J. and Scheres, B. (2005) Dissection of Arabidopsis ADP-RIBOSYLATION

FACTOR 1 function in epidermal cell polarity. Plant Cell, 17, 525–536.
�Z�arsk�y, V., Cvr�ckov�a, F., Potock�y, M. and H�ala, M. (2009) Exocytosis and cell

polarity in plants–exocyst and recycling domains. New Phytol. 183, 255–
272.

Za�z�ımalov�a, E., Murphy, A.S., Yang, H., Hoyerov�a, K. and Hosek, P. (2010)

Auxin transporters–why so many? Cold Spring Harb. Perspect. Biol. 2,

a001552.

Zhang, X., Orlando, K., He, B., Xi, F., Zhang, J., Zajac, A. and Guo, W. (2008)

Membrane association and functional regulation of Sec3 by phospholip-

ids and Cdc42. J. Cell Biol. 180, 145–158.

© 2012 The Authors
The Plant Journal © 2012 Blackwell Publishing Ltd, The Plant Journal, (2013), 73, 709–719

The exocyst in PIN recycling 719


	dizertacka_finalk
	Acknowledgements
	Abstract
	Abstrakt- slovensky
	1. Introduction
	1.1. Endomembrane machinery in general
	1.2. Endomembrane machinery in plant cell morphogenesis
	1.3. Root hair and pollen tube
	1.4. Volcano Cells of the Arabidopsis Seed Coat and Other Epidermal Cells
	1.5. Exocyst Complex in Plant Emdomembrane Machinery

	2. Aims of the Project
	3. Article Summary
	4. Discussion
	4.1. Conventional Roles of the Exocyst
	4.2. Negative Regulators of Exocytosis?
	4.3. Plant Pathogen Interaction and Exocyst
	4.4. Exocyst, EXPO and Autophagy
	4.5. ER to Vacuole Autophagy Related Pathway – General Pathway for Import of Proteins and Secondary Metabolites?

	5. Conclusion - Arabidopsis EXO70 Proteins are not One Big Functional Family Involved Exclusively in the Exocytosis
	6. Literature Cited
	7. Attachments

	article1
	article2
	article 3
	article4

