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The exocyst, an eukaryotic tethering complex, co-regulates targeted exocytosis as an effector 35 

of small GTPases in polarized cell growth. In land plants, several exocyst subunits are 36 

encoded by double or triple paralogs, culminating in tens of EXO70 paralogs. Out of 23 37 

Arabidopsis EXO70 isoforms, we analyzed seven isoforms expressed in pollen. Genetic and 38 

microscopic analyses of single mutants in EXO70A2, C1, C2, F1, H3, H5, and H6 genes 39 

revealed that only a loss-of-function EXO70C2 allele resulted in a significant male-specific 40 

transmission defect (segregation 40%:51%:9%) due to aberrant pollen tube growth. Mutant 41 

pollen tubes grown in vitro exhibited enhanced growth rate and a decreased thickness of the 42 

tip cell wall, causing tip bursts. However, exo70C2 pollen tubes could frequently recover and 43 

restart their speedy elongation, resulting in a repetitive stop-and-go growth dynamics. A 44 

pollen-specific depletion of the closest paralog, EXO70C1, using ami-RNA in the exo70C2 45 

mutant background resulted in a complete pollen-specific transmission defect, suggesting 46 

redundant functions of EXO70C1 and EXO70C2. Both EXO70C1 and EXO70C2, GFP-47 

tagged and expressed under their native promoters, localized in the cytoplasm of pollen 48 

grains, pollen tubes, and also root trichoblast cells. Expression of EXO70C2-GFP 49 

complemented aberrant growth of exo70C2 pollen tubes. The absent EXO70C2 interactions 50 

with core exocyst subunits in the yeast two-hybrid assay, cytoplasmic localization, and 51 

genetic effect suggest an unconventional EXO70 function possibly as a regulator of 52 

exocytosis outside the exocyst complex. In conclusion, EXO70C2 is a novel factor 53 

contributing to the regulation of optimal tip growth of Arabidopsis pollen tubes.   54 

 55 

 56 

Introduction 57 

 58 

Pollen tubes transporting sperm cells elongate via tip growth within the intercellular space of 59 

the transmitting tract in pistils to double fertilize ovules. Pollen tubes growing exclusively at 60 

their tips can achieve a rapid growth rate that is dependent on polarized exocytosis (McKenna 61 

et al., 2009; Chebli et al., 2013). Once the polarity of a nascent germinating pollen tube is 62 

established, the endomembrane secretory machinery supported by the actin cytoskeleton and 63 

tip-focused calcium gradient delivers cell wall and plasma membrane (PM) materials along 64 

with cell wall-modification enzymes to the growing apex (reviewed in Cole and Fowler, 65 

2006; Cheung and Wu, 2008; Hepler et al., 2013; Fu, 2015). Any perturbation in tip growth 66 

reduces the chance of an affected pollen tube to fertilize an ovule under competition with 67 

more fit ones (MacAlister et al., 2016). 68 
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At the pollen tube apex, we recognize the “clear zone” characterized by a network of 69 

highly dynamic short F-actin filaments and intensive trafficking of both exocytic and 70 

endocytic vesicles that form the inverted cone (reviewed in Hepler and Winship, 2015). The 71 

exocytic domain is located at the very tip or close to it (Sanati Nezhad et al., 2014; Bloch et 72 

al., 2016), then is followed with some partial overlap by the endocytic domain, which helps to 73 

remove the excess of membrane added by intensive exocytosis (Zonia and Munnik, 2008; 74 

Moscatelli and Idilli, 2009; Zonia and Munnik, 2009). Therefore, the balance between 75 

polarized exocytosis and endocytic recycling is a critical factor for proper tip growth. In 76 

growing pollen tubes, the cell wall composition changes in a gradient from mostly 77 

pectinaceous wall at the apex, followed by a cellulose layer generated later, and finally callose 78 

(Chebli et al., 2012). 79 

Cell wall components or PM enzymes for their production are delivered to the cell 80 

surface in secretory vesicles (reviewed in Bashline et al., 2014). Tethering and docking of 81 

secretory vesicles to the PM at sites of intensive secretion is mediated by the exocyst, a 82 

tethering complex present in most eukaryotic lineages (reviewed in Heider and Munson, 83 

2012; Vukašinović and Žárský, 2016), that is regulated by Rab and Rho small GTPases to 84 

achieve effective and spatially regulated exocytosis (reviewed in Wu et al., 2008; Žárský et 85 

al., 2010; Pfeffer, 2013). Therefore, the exocyst generally accumulates at PM domains 86 

characterized by intensive secretion, e.g. the growing bud in yeast (TerBush and Novick, 87 

1995), tips of growing neurites (Vega and Hsu, 2001), lateral membranes of root epidermal 88 

cells (Fendrych et al., 2013; Zhang et al., 2016), or pollen tubes tips (Hála et al., 2008; Bloch 89 

et al., 2016). In plants, the exocyst has been implicated in cell elongation (Synek et al., 2006; 90 

Hála et al., 2008; Cole et al., 2014), xylem development (Li et al., 2013; Tu et al., 2015; 91 

Vukašinović et al., 2016), pollen-stigma interactions (Samuel et al., 2009; Kitashiba et al., 92 

2011; Safavian et al., 2015), pectin deposition in seed coat development (Kulich et al., 2010), 93 

cell wall maturation in trichomes (Kulich et al., 2015), cytokinesis (Fendrych et al., 2010; 94 

Rybak et al., 2014), endosomal recycling (Drdová et al., 2013), and response to pathogens 95 

(Pečenková et al., 2011; Stegmann et al., 2012). 96 

Structurally, the exocyst is an octameric complex composed stoichiometrically of Sec3, 97 

Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 subunits that was originally discovered in 98 

budding yeast (TerBush et al., 1996, Guo et al., 1999). Plants encode all exocyst subunits 99 

(Cvrčková et al., 2001; Eliáš et al., 2003) that act together as a functional complex (Hála et 100 

al., 2008; Fendrych et al., 2010). Although exocyst subunits are typically encoded by one 101 

gene in Opisthokonts, they are often duplicated or even multiplicated in plants (Cvrčková et 102 
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al., 2001 and 2012; Vukašinović et al., 2014). The EXO70 gene in particular has undergone a 103 

dramatic evolutionary expansion – e.g. 23 paralogs in Arabidopsis thaliana, or 47 in Oryza 104 

sativa (Synek et al., 2006; Cvrčková et al., 2012). Together with their differential expression 105 

(Synek et al., 2006; Li et al., 2010), this variety allows for a functional and tissue 106 

specialization, and is probably linked to the transition of plants from water to the challenging 107 

land conditions in the evolution (Žárský et al., 2013). The multiple EXO70s may act as 108 

exchangeable components of the exocyst complex that confer specific properties to the 109 

exocyst, and therefore each cell type might be endowed with a set of functionally distinct 110 

exocyst complexes directing different cargos to particular exocytic domains (Žárský et al., 111 

2009 and 2013). Indeed, sub-functionalization of particular EXO70s implicated in autophagy-112 

related transport to vacuoles (Kulich et al., 2013), light-induced stomatal opening (Hong et 113 

al., 2016), and plant periarbuscular membrane formation (Zhang et al., 2015) has been 114 

described.  115 

In contrast, EXO70A1, a highly abundant isoform in the Arabidopsis sporophyte and a 116 

core exocyst subunit, plays a general “house-keeping” role in polarized exocytosis in multiple 117 

tissues, since its depletion cannot be fully compensated by other paralogs and has a dramatic 118 

effect on the entire plant growth and morphogenesis (Synek et al., 2006).  119 

Although knock-out mutants in several exocyst subunits (SEC5a/b, SEC6, SEC8, and 120 

SEC15a) in Arabidopsis exhibit severe defects in pollen tube germination or growth, typically 121 

resulting in very short and depolarized pollen tubes and zero transmission of respective 122 

mutant alleles (Cole et al., 2005; Hála et al., 2008; Bloch et al., 2016), no EXO70 isoform 123 

analyzed so far displayed a comparable phenotype. Only a weak pollen-specific transmission 124 

defect was reported for an exo70C1 mutant allele (Li et al., 2010). Recently, the PM 125 

localization of SEC3-GFP in Arabidopsis pollen tube tips was shown to predict the pollen 126 

tube growth direction (Bloch et al., 2016).  127 

In this work, we aimed to identify EXO70 isoforms expressed in pollen and involved in 128 

pollen tube growth. We found that a single mutant in EXO70C2 exhibits a significant male-129 

specific transmission defect due to aberrant pollen tube growth characterized by inefficient 130 

cell wall deposition and increased rate of the pollen tube elongation, causing transient growth 131 

arrests and frequent partial or lethal pollen tube collapses. Further, we evidenced that 132 

EXO70C1, the closest paralog to EXO70C2, and to a minor extent also EXO70H3, play 133 

partially redundant roles. Surprisingly, our localization and interaction studies indicate that 134 

EXO70C2 and EXO70C1 may not act as stable subunits of the exocyst complex but rather 135 

acquired an unconventional function as regulators of tip growth.  136 
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Results 140 

 141 

Several EXO70 isoforms, but not EXO70A1, are expressed in pollen 142 

While several exocyst subunits are essential for pollen tube growth, the EXO70A1 subunit – 143 

essential in the sporophyte – is dispensable for pollen functions (Synek et al., 2006; Hála et 144 

al., 2008; Drdová et al., 2013). Indeed, EXO70A1 remained undetected in the pollen RNA-145 

Seq and proteome analyses (Loraine et al., 2013; Grobei et al., 2009). These facts opened a 146 

question: which member(s) of the EXO70 family acquired the role of EXO70A1 in the pollen 147 

tube tip growth?  148 

Microarray data (www.genevestigator.com – Zimmermann et al., 2004; 149 

bar.utoronto.ca/efp – Winter et al., 2007) fit recent RNA-Seq data on pollen transcriptome in 150 

Arabidopsis (Loraine et al., 2013) and provided hints that EXO70C1, C2, H3, and H5 are 151 

highly abundant EXO70 isoforms in pollen, while EXO70A2, F1, and H6 are detected at 152 

lower levels in at least one stage of pollen development (Figure 1 A and B; Supplemental 153 

Figure 1). Interestingly, significant expression of EXO70C1 and EXO70C2 has been also 154 

detected in root trichoblast cells (Supplemental Figure 2). This dual (pollen-trichoblast) 155 

specificity points to their possible general involvement in the tip growth.  156 

Given the multiple levels of mRNAs post-transcriptional regulations, we attribute a high 157 

importance to proteomic data that confirmed EXO70C1, C2, and A2in the mature Arabidopsis 158 

pollen, with EXO70C2 being the most abundant EXO70 isoform (Figure 1C) (Grobei et al., 159 

2009; Mayank et al., 2012). EXO70C1 and EXO70C2 were identified also as 160 

phosphoproteins, pointing to new regulatory possibilities (Mayank et al., 2012). Surprisingly, 161 

EXO70H3 was not detected at the protein level despite its enormous transcript abundance, 162 

indicating a strong regulation of its expression at posttranscriptional or translational levels. 163 

All core exocyst subunits were also found in the mature pollen, with the numbers of peptides 164 

detected in remarkable agreement with the stoichiometry of the exocyst complex (Figure 1C).  165 

Taken together, several EXO70 isoforms can play some role in the male gametophyte. 166 

Therefore, we started experimental analyses of reasonably supported candidates: EXO70A2 167 

(At5g52340), EXO70C1 (At5g13150), EXO70C2 (At5g13990), EXO70F1 (At5g50380), 168 

EXO70H3 (At3g09530), EXO70H5 (At2g28640), and EXO70H6 (At1g07725).  169 

 170 

The EXO70C2 disruption results in a pollen-specific transmission defect  171 

We obtained and characterized available T-DNA/transposon insertional mutants in 172 

EXO70A2, C1, C2, F1, H3, H5, and H6 (Supplemental Figure 3). All homozygous mutant 173 
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lines exhibited no obvious phenotypic changes in the sporophyte. Heterozygotes showed 174 

normal segregation ratio based on PCR genotyping, except for exo70C2-1, suggesting a 175 

significant transmission defect of this mutant allele (Table 1). Based on the segregation ratio 176 

39.8% : 50.9% : 9.3%, we calculated the efficiency of the exo70C2 pollen tubes in 177 

fertilization to be about 23% under the competition with WT pollen tubes (see an interactive 178 

model in Supplemental File 1). Reciprocal crosses followed by PCR genotyping of the 179 

offspring revealed that the exo70C2-1 transmission defect is male-specific (Table 2).  180 

 www.plantphysiol.orgon November 12, 2019 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


 

7 
 

In contrast to the two independent exo70C1 knock-out lines (in the Col-0 background) 181 

with normal transmission analyzed here, the Ds-transposon allele CW841908 (i.e. 182 

CSHL_ET11742) in the Landsberg erecta background exhibited slightly reduced transmission 183 

efficiency (78%) via pollen (Li et al., 2010), albeit this insertion is located at a very similar 184 

position to the insertions above in the middle of the single EXO70C1 exon. Furthermore, 185 

weak mutant alleles of SEC8, another exocyst subunit, showed normal transmission after self-186 

crossing but significantly decreased after manual reciprocal crossing (Cole et al., 2005). For 187 

these two reasons, we performed reciprocal crossing of exo70C1-1, however only to confirm 188 

the normal exo70C1-1 transmission in the Col-0 background (Table 2). The discrepancy 189 

between CSHL_ET11742 and exo70C1-1 mutant alleles may be explained by specific 190 

behavior of EXO70C1 in different ecotypes. 191 

Although the segregation ratio of exo70H3 heterozygous mutants was not statistically 192 

different from normal segregation, the enormous abundance of EXO70H3 transcripts in pollen 193 

led us to analyze exo70H3 exo70C2-1 double mutants. The exo70C2-1 transmission defect 194 

was more pronounced in the homozygous exo70H3 background as documented by the 47.2% 195 

: 47.3% : 5.5% segregation ratio (Table 3), suggesting slightly redundant and or synergistic 196 

functions of EXO70C2 and EXO70H3. Additional comprehensive proteomic analyses will 197 

probably elucidate, why no hits were detected for EXO70H3 in the mature pollen (Grobei et 198 

al., 2009). Possibly, the abundant transcripts could be only translated after germination of 199 

pollen tubes or the protein is active at very low quantities. 200 

In conclusion, EXO70C2 seems to play a prominent role among the candidate pollen 201 

EXO70s from the genetic point of view. Therefore, in our following work, we focused on the 202 

EXO70C2 isoform and its closely related paralog EXO70C1. (For next analyses we used 203 

exclusively exo70C2-1 and exo70C1-1 mutant lines; hereafter these alleles are designated 204 

exo70C2 and exo70C1, respectively.) 205 

 206 

The EXO70C1 activity is partially redundant with EXO70C2 207 

As EXO70C2 is evolutionally very closely related to EXO70C1 (Synek et al., 2006; 208 

Cvrčková et al., 2012), we investigated whether these paralogs share redundant functions. 209 

Since crossing of exo70C1 and exo70C2 failed due to a strong genetic linkage of the two 210 

genes (the distance between At5g13150 and At5g13990 is 341 kbp, corresponding to approx. 211 

2.2 cM), we attempted to inactivate both genes simultaneously using an artificial microRNA 212 

(amiRNA) against one gene in the knock-out mutant for the complementary gene. 213 
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We designed amiRNA (Schwab et al., 2006) targeted specifically against EXO70C1 or 214 

EXO70C2 and cloned them under the pollen-specific LAT52 promoter. We introduced an 215 

amiRNA expression cassette against EXO70C1 (hereafter as “amiRNAxC1”) into exo70C2 216 

heterozygous mutants and an amiRNA expression cassette against EXO70C2 (hereafter as 217 

“amiRNAxC2”) into exo70C1 heterozygous mutants using Agrobacterium-mediated 218 

transformation. T1 plants resistant to Basta® (carried by the amiRNA cassette) and being WT 219 

or homozygous for the exo70C1 or exo70C2 mutant allele were used for subsequent analyses. 220 

The transmission efficiency of amiRNA cassettes was then determined as percentage of 221 

Basta® resistant seedlings in the T2 population.  222 

Our working hypothesis assumes that at least one of EXO70C1 and EXO70C2 genes 223 

must be active to allow for the amiRNA cassette transmission via pollen. T1 transformants 224 

that are heterozygous for the amiRNA cassette will then provide differential segregation ratios 225 

in their offspring based on the combination of genotypes. For example, in the case of 226 

amiRNAxC2 in the exo70C1 background, we can expect 50–75% of amiRNA-positive plants 227 

in the offspring, where 50% would indicate a complete pollen defect (amiRNA inherited only 228 

from the female), while 75% WT-like pollen.  229 

Indeed, we recorded that amiRNAxC2 generated 44–56% of resistant seedlings in the 230 

exo70C1 background, and amiRNAxC1 generated 49–52% of resistant seedlings in the 231 

homozygous exo70C2 background (Table 4), suggesting minimal amiRNA transmission via 232 

pollen. An identical result was obtained when the presence of the amiRNAxC2 cassette was 233 

evaluated for one line by PCR genotyping on a parallel population, justifying the simple 234 

chemical selection approach (Table 4). The transmission of amiRNAxC1 or amiRNAxC2 in 235 

the WT background resembled the transmission of the exo70C1 or exo70C2 mutant allele, 236 

respectively, excluding thus that either amiRNA construct blocks the pollen function by itself 237 

(Table 4).  238 

Furthermore, we performed reciprocal crossings of homozygous exo70C1 mutants 239 

bearing amiRNAxC2 (heterozygous) with exo70C1 homozygous plants without amiRNA, and 240 

evaluated the amiRNA cassette transmission by PCR genotyping of harvested crosses (Table 241 

5). As a result, amiRNAxC2 could be transmitted only via the female gametophyte, indicating 242 

that the defects described above were pollen specific.  243 

We conclude that the function of EXO70C1 is redundant to EXO70C2, because 244 

inactivation on both genes simultaneously led to a complete pollen-specific transmission 245 

defect in contrast to the partial defect in the case of the exo70C2 single mutant. 246 

 247 
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Pollen tube growth is impaired in the exo70C2 mutant  248 

In order to address the cause of the pollen-specific transmission defect of the exo70C2 allele, 249 

we examined pollen germination efficiency and pollen tube growth in vitro after 14h 250 

germination for homozygous and heterozygous exo70C2 mutants and their WT siblings. 251 

Maximal pollen germination efficiency was comparable among all three genotypes (+/+: 252 

91.7%, +/-: 88.3%, -/-: 90.1%; pollen of 20 plants for each genotype evaluated; >150 pollen 253 

grains per plant counted). However, pollen grains from homozygous mutants produced mostly 254 

shorter pollen tubes than WT with variable morphology (Figure 2).  255 

The mutant and WT identity of short and long pollen tubes, respectively, was confirmed 256 

by crossing of exo70C2 to the quartet-1 background, where tetrads of sister pollen grains do 257 

not separate (Johnson-Brousseau and McCormick, 2004; Preuss et al., 1994). Indeed, two 258 

long and two short pollen tubes typically emerged from each tetrad of pollen from exo70C2 259 

heterozygotes germinated in vitro (Figure 3 A–D).  260 

While initial polarity establishment of mutant pollen tubes was unaffected, they 261 

regularly exhibited branching and sharp bending after germination in vitro (Figure 3 G–I). 262 

Furthermore, their tips were sensitive to bursting (especially during microscopic 263 

manipulation), frequently causing effusions of cytoplasm and collapses (Figure 3 G–K). 264 

Occasionally they produced protoplast-like structures emerging from the apex (Figure 3 J–K) 265 

with indistinct propidium-iodide labeling around these structures (Supplemental Figure 4). 266 

The morphology of exo70C2 pollen tubes is different from the pollen tube phenotype of 267 

mutants in core exocyst subunits (sec5a/b, sec6, sec8, and sec15a) that generate short, wide, 268 

and intact pollen tubes (Cole et al., 2005; Hála et al., 2008).  269 

In contrast, exo70C2 pollen tubes grown in vivo were much longer than those in vitro, 270 

often reaching basal ovules (Figure 3 L). This discrepancy may be explained by mechanical 271 

support of the transmitting tract, compensating the mutant pollen tube sensitivity (see further). 272 

 273 

Mutant exo70C2 pollen tubes display higher growth rate and insufficient cell wall 274 

deposition resulting in repetitive transient stops and bursts of the growing tip 275 

The cytoplasm effusions and bursts of exo70C2 pollen tubes tips led us to inspect cell wall 276 

morphology and growth dynamics. While WT pollen tubes displayed steady growth, 277 

accompanied by known regular low-amplitude oscillations, exo70C2 pollen tubes grew with 278 

extreme fluctuations in their growth rate in a stop-and-go manner (Figure 4 A). Importantly, 279 

the growth rate measurement in 90-s intervals during a growing phase revealed that the 280 

averaged maximal growth rate in a population of exo70C2 pollen tubes was 126% of the WT 281 
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average (Figure 4 B). Detailed inspection of individual pollen tubes in 5-s intervals showed 282 

that exo70C2 pollen tubes reached in peaks as much as 180% of the maximal WT growth rate 283 

(Figure 4 A). At the end of the high-speed growth period, the mutant pollen tubes burst, 284 

visibly extruding the cytoplasm (Supplemental Movie 1). This was most likely due to an 285 

insufficient cell wall formation, since the growth rate was inversely correlated with the 286 

cellulose and pectin deposition, as visualized by calcofluor white staining (Figure 4 A and C). 287 

When an exo70C2 pollen tube elongated rapidly for a longer period, the apical calcofluor 288 

signal decreased even by 75% with respect to the WT control (Supplemental Movie 2). 289 
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Furthermore, the insufficiency of cell wall materials at the cell surface corresponded to 290 

its retention in the cytoplasm, as visualized by ruthenium red, commonly used for staining of 291 

methylesterified pectins (Hou et al., 1999). Ruthenium red staining of pollen tubes in 292 

hypotonic conditions, causing extrusions of the cytoplasmic content, showed significantly 293 

stronger cytoplasmic pectin staining in exo70C2 pollen tubes (Figure 4 D and E). However, 294 

live staining of external pectins in the cell wall using propidium iodide (proposed to bind 295 

demethoxylated homogalacturonan component of pectin; Rounds et al., 2011) was 296 

comparable to WT, except for more frequent patches of thicker pectin deposition, 297 

corresponding to events when a pollen tube stopped its growth or collapsed (Figure 4 F). 298 

Surprisingly, the exo70C2 pollen tubes grown in vitro could frequently recover after their 299 

burst and with certain delay restart their tip growth at the same apex or a new apex established 300 

in some distance back to the old one. We have observed multiple cycles of burst-recovery, 301 

however ultimately terminated with growth arrest or total collapse of the handicapped mutant 302 

pollen tube (Supplemental Movie 3). 303 

We conclude that exo70C2 mutant pollen tubes exhibit a significantly enhanced growth 304 

rate and compromised cell wall deposition at the growing apex as compared to WT, causing 305 
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subsequently repetitive bursts of growing tips. This behavior explains why exo70C2 pollen 306 

tubes obtain the branched morphology and are ultimately significantly shorter than WT 307 

siblings in suspension in vitro cultures. 308 

 309 

EXO70C2:GFP complements the exo70C2 mutation 310 

To prove that the defects observed in pollen tubes are caused by dysfunction of the EXO70C2 311 

gene, we tested exo70C2 mutants for complementation with EXO70C2:GFP expressed under 312 

the native pEXO70C2 promoter (for localization of this fusion protein see the next chapter).  313 

After selection of fluorescent plants heterozygous for the exo70C2 allele and 314 

homozygous for the pEXO70C2::EXO70C2:GFP expression cassette, we conducted 315 

segregation analysis of the mutant allele in the offspring. As a result, the segregation ratio of 316 

the exo70C2 allele was statistically indistinguishable from the Mendelian ratio (+/+: 27.1%, 317 

+/-: 49.2%, -/-: 23.7%; n = 118; χ2 = 0.305, P value = 0.859), indicating that 318 
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pEXO70C2::EXO70C2:GFP can complement the exo70C2 transmission defect. It also 319 

demonstrates the functionality of the EXO70C2:GFP fusion protein.  320 

Furthermore, we used plants homozygous for the exo70C2 allele and heterozygous for 321 

the pEXO70C2::EXO70C2:GFP expression cassette to characterize pollen tube growth of 322 

their pollen germinated in vitro. We measured pollen tube lengths of fluorescent and non-323 

fluorescent pollen tubes separately within each sample (Figure 5 A). In agreement with the 324 

previous observation, the distribution of fluorescent pollen tubes lengths resembled WT 325 

characteristics, while the distribution of non-fluorescent pollen tubes lengths was similar to 326 

exo70C2 mutant pollen tubes (Figure 5 B; compare to Figure 2 A and C). In addition, we used 327 

plants homozygous for both the exo70C2 allele and the pEXO70C2::EXO70C2:GFP cassette, 328 

where all pollen tubes displayed fluorescence. In this combination, the distribution of 329 

fluorescent pollen tubes lengths resembled WT characteristics as expected (Supplemental 330 

Figure 5; compare to Figure 2A).  331 

In conclusion, the pEXO70C2::EXO70C2:GFP expression complemented the exo70C2 332 

disruption in pollen tube growth. 333 

 334 

EXO70C2 as well as EXO70C1 are localized in the cytoplasm of pollen tubes and 335 

trichoblast cells 336 

In order to characterize tissue/cell specificity and subcellular localization of EXO70C2 and 337 

EXO70C1, we cloned each gene including its native promoter and fused it to GFP at its C-338 

terminus. Localization of EXO70C2:GFP or EXO70C1:GFP was analyzed microscopically in 339 

their respective homozygous mutant backgrounds.  340 

Both pEXO70C2::EXO70C2:GFP and pEXO70C1::EXO70C1:GFP were found 341 

specifically expressed in mature pollen grains, pollen tubes and trichoblast cells in roots 342 

(Figure 6), which is in agreement with available microarray data that do not indicate their 343 

expression in any other cell type/tissue (Genevestigator; Arabidopsis eFP Browser). 344 

Expression patterns of EXO70C2:GFP and EXO70C1:GFP were similar with a notable 345 

difference: The EXO70C1:GFP expression in roots started already in trichoblast precursors in 346 

the late meristematic zone, while the EXO70C2:GFP expression was first detectable in the 347 

elongation zone (Figure 6 C and H).  348 

Both EXO70C2:GFP and EXO70C1:GFP localized to the cytoplasm without association 349 

with any distinct structures (Figure 6 B, F, G, H). In contrast to EXO70C2:GFP, 350 

EXO70C1:GFP exhibited a capacity to enter the nucleus – transiently after cytokinesis in 351 

trichoblast precursors in the root meristem (Figure 6 H) or permanently in developed 352 
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trichoblast cells and pollen grains (Figure 6 A and F), pointing to a potential nuclear 353 

regulatory function. Surprisingly, no PM signal was detectable for EXO70C1:GFP or 354 

EXO70C2:GFP, albeit all core exocyst subunits typically decorate the PM in various cell 355 

types with varying minor fraction in the cytoplasm (Fendrych et al., 2010 and 2013; Drdová 356 

et al., 2013; Zhang et al., 2016; Bloch et al., 2016).  357 

To evaluate a possible impact of the GFP position on the subcellular localization of 358 

EXO70C2 an N-terminal GFP fusion (pEXO70C2::GFP:EXO70C2) was generated, and 359 

showed identical localization pattern to EXO70C2:GFP, excluding a negative effect of the 360 

GFP position (Supplemental Figure 6).  361 

 362 

EXO70C2 does not co-localize or interact with core exocyst subunits  363 

The undetectable EXO70C2 PM localization, unexpected for a putative exocyst subunit, led 364 

us to perform three comparative experiments to core exocyst subunits. 365 

First, we localized two exocyst subunits, pSEC8::GFP:SEC8 and 366 

pSEC10a::SEC10a:GFP (Fendrych et al., 2010; Vukašinović et al., 2014), which are active in 367 

pollen and were cloned with their native promoters, in comparison to 368 

pEXO70C2::EXO70C2:GFP in growing Arabidopsis pollen tubes using a spinning disc 369 

confocal microscope under identical settings for all three fusion proteins. The imaging was 370 

performed in time series to prove that analyzed pollen tubes are growing normally and to 371 
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document possible localization dynamics. GFP:SEC8 and SEC10a:GFP showed an 372 

enrichment in the inverted cone and, importantly, accumulation in distinct patches along the 373 

PM at the pollen tube apex, in contrast to the cytoplasmic distribution of 374 

pEXO70C2::EXO70C2:GFP in the inverted cone and pollen tube shank without any 375 

decoration of the PM (Figure 7 A). 376 
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Second, we performed a direct comparison to another EXO70 isoform – EXO70A1, 377 

which is a sporophytic experimentally-proven exocyst subunit with described PM localization 378 

(Drdová et al., 2013; Fendrych et al., 2013; Zhang et al., 2016). Imaging in root hairs showed 379 

a PM decoration of developing root hairs by pUBQ10::RFP:EXO70A1, while 380 

pEXO70C2::EXO70C2:GFP was again found only in the cytoplasm in the same cell (Figure 7 381 

B).  382 

Third, since EXO70A1 interacts with SEC3a and the N-terminal half of EXO84b 383 

(EXO84b-N) in the yeast two-hybrid system (Hála et al., 2008; Fendrych et al., 2010), we 384 

tested EXO70C2 and also EXO70A2, another isoform highly abundant in the pollen 385 

proteome, for pair-wise interactions with exocyst subunits. While EXO70A2 did interact with 386 

SEC3a and EXO84b-N, and additionally with SEC10b, EXO70C2 showed no positive 387 

interactions neither as bait nor as prey (Figure 8 A). However, we found EXO70C2 388 

interacting with ROH1 in the yeast two-hybrid system, a putative negative regulator of 389 

secretion, similar to the EXO70C1-ROH1 interaction published earlier (Kulich et al., 2010) 390 

(Figure 8 B).  391 

Taken together, in spite of clear indications that EXO70C2 is involved in tip growth of 392 

pollen tubes, these observations favor a hypothesis that it probably does not serve as a stable 393 

functional subunit of the exocyst complex. On the other hand, EXO70A2 is likely 394 

incorporated to the exocyst complex as indicated by physical interactions with three core 395 

exocyst subunits. 396 
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 397 

 398 
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Discussion 400 

 401 

EXO70C2 is a key factor for efficient pollen tube growth 402 

Very limited experimental data on the EXO70 family in pollen provoked our interest to 403 

explore what EXO70 isoforms are expressed in pollen and engaged in tip growth of pollen 404 

tubes in Arabidopsis. We anticipated that another EXO70 isoform(s) adopted the essential 405 

role of sporophytic EXO70A1 in the male gametophyte. Our list of potential pollen EXO70 406 

isoforms (EXO70A2, C1, C2, F1, H3, H5, and H6) is consistent, except for EXO70A2, with a 407 

comprehensive study on expression of all EXO70 family members in various tissues based on 408 

semi-quantitative RT-PCR and promoter activity by Li et al. (2010). The EXO70C2 409 

expression in later stages of pollen development was also proved by real-time PCR and RNA 410 

in situ hybridization (Lai, 2016).  411 

Since only the exo70C2 mutant allele showed a significant pollen-specific transmission 412 

defect resulting from pollen tube growth phenotypes, we propose that EXO70C2 is a key 413 

factor for efficient pollen tube growth. As the pollen transmission defect is not absolute, an 414 

additional EXO70 isoform(s) with redundant or synergistic functions must be responsible for 415 

the limited pollen tube growth in exo70C2 mutants. Closely related EXO70C1 provides most 416 

likely such a function, because the simultaneous disruption of both EXO70C1 and EXO70C2 417 

lead to non-functional pollen. EXO70C1 and EXO70C2 are the closest paralogs sharing 38% 418 

sequence identity at the protein level (which varies 14%–72% within the EXO70 family). On 419 

the other hand, the activity of EXO70C1 is not sufficient to compensate for the EXO70C2 420 

loss of function, therefore we assume that its function is only partially redundant to EXO70C2 421 

despite their identical spatio-temporal distributions in pollen. Alternatively, this insufficiency 422 

could be related to the lower EXO70C1 expression level. It remains to be investigated if 423 

EXO70C1 has some extra function or whether is serves only as a backup to EXO70C2. 424 

Limited contributing activity to the EXO70C1/2 function can be also attributed to EXO70H3.  425 

Importantly, our analyses of the pollen-expressed EXO70 paralogs indicate, that the 426 

multiplicity of the EXO70 family in land plants could not be explained only based on the 427 

tissue/cell-specific expression as proposed by Li et al. (2010), but most probably several 428 

versions of the exocyst complex are active in land-plant cell types (Žárský et al., 2009, Žárský 429 

et al., 2013).  430 

 431 

EXO70C2 involvement in the cell wall deposition 432 
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In comparison to WT pollen tubes, exo70C2 pollen tubes exhibited significantly faster 433 

growth, which was interrupted by periods of growth arrest at very irregular frequency that 434 

were often a consequence of a pollen tube burst of various extend. Indeed, too high growth 435 

rate has been documented in loss-of-function mutants in NADPH oxidases to precede a pollen 436 

tube collapse (Lassig et al., 2014). The documented weakened cell wall at the tube apex 437 

during the rapid growth is most likely the primary cause of the exo70C2 phenotype. Defects 438 

in cell wall deposition in seed coats, trichomes, cell plates, and xylem development have been 439 

well described for several Arabidopsis exocyst mutants (Fendrych et al., 2010; Kulich et al., 440 

2010 and 2015; Li et al., 2013; Vukašinović et al., 2016). The delivery of methylesterified 441 

pectins, microfibrillar polysaccharides and fucosylated xyloglucans as possible exocyst cargo 442 

is most likely affected because they represent dominant components at the growing pollen 443 

tube tip (Chebli et al., 2012). Also mutants in hydroxyproline O‐arabinosyltransferases 444 

(HPAT1 and HPAT3), enzymes important for modifications of cell-wall extensins, exhibited a 445 

similar pollen tube phenotype to exo70C2 (MacAlister et al., 2016). Whether the EXO70C2 446 

(and EXO70C1) involvement in the regulation of secretion is direct or indirect remains to be 447 

elucidated, nevertheless we suggest below two major possible and opposing interpretations of 448 

the observed phenomenon.  449 

First, since exocytosis of the plasma membrane material greatly exceeds the need for 450 

cell expansion in growing pollen tubes (Picton and Steer 1983), exo70C2 could render a mild 451 

secretory defect, resulting in insufficient cell wall deposition, but still delivering enough 452 

membrane to support the rapid growth. This would lead into a rapid turgor-driven expansion, 453 

sensitive to bursts. The ratio of cellulose to other components of the cell wall would be 454 

possibly shifted. In agreement, an abnormal concentration of retained pectins in the cytoplasm 455 

was observed in the exo70C2 pollen tubes. This interpretation could be also supported by the 456 

observation, that in vivo grown pollen tubes elongated more efficiently in comparison to in 457 

vitro conditions, probably due to stabilizing conditions in the transmitting tract, where the 458 

sensitive mutant pollen tubes tips are less vulnerable. 459 

Another interpretation is that EXO70C2 acquired a negative regulatory function, 460 

negatively affecting cell expansion under normal circumstances by e.g. interfering with 461 

putative exocyst regulatory molecules such as small GTPases or lipids. EXO70C2 and 462 

EXO70C1 would then most probably contribute to the optimal balance between rates of 463 

vesicles delivery, exocytosis, and cellulose formation. This interpretation is in full agreement 464 

with previous experiments on NADPH oxidases in the tip growth. When two NADPH 465 

oxidases RBOHH and RBOHJ were knocked-out, the mutant pollen tubes exhibited higher 466 
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expansion rates than WT causing their burst (Lassig et al., 2014), similarly to the exo70C2 467 

mutant. This implicates that NADPH oxidases negatively regulate pollen tube growth to 468 

coordinate the rate of cell expansion with the rate of exocytosis. Such a regulation is a 469 

plausible explanation also for the exo70C2 mutant. 470 

 471 

Is EXO70C2 part of the exocyst complex? 472 

In spite of clear indications that EXO70C2 is involved in the regulation of secretion in pollen 473 

tube tip growth and bearing in mind both hypotheses suggested above, we assume that 474 

EXO70C2 (and EXO70C1) may not serve as a stable functional subunit of the exocyst 475 

complex as it shows features distinct from conventional exocyst subunits, concerning the 476 

morphology of mutant pollen tubes, PM localization, and physical interactions with exocyst 477 

subunits. We reason that EXO70C1/C2 act as transient or indirect modulators of the exocyst, 478 

resulting in optimal balance between the cell wall biogenesis and surface growth. 479 

Outside of the exocyst complex, EXO70C1/C2 could very likely affect secretion via 480 

ROH1, whose up-regulation results in decreased seed coat mucilage layer (Kulich et al., 481 

2010), and that is highly up-regulated in germinating pollen and root trichoblast cells 482 

(Arabidopsis eFP Browser). ROH1 is a putative negative regulator of secretion, which is 483 

known to bind EXO70C1 and EXO70A1 (Kulich et al., 2010), and here we report binding 484 

toEXO70C2 as well. The absence of EXO70C2 and insufficient activity of EXO70C1 in the 485 

exo70C2 knock-out would lead to a release of an interfering or negative regulation of 486 

exocytosis, and subsequently to the increased pollen tube growth rate, rendering the unstable 487 

growth with stop-and-go dynamics accompanied by series of the tip burst and recovery, and 488 

finally resulting in a pollen tube collapse. The identified EXO70C2 and EXO70C1 489 

phosphorylation (Mayank et al., 2012) could also play a role in this regulation. 490 

EXO70C1/C2 might also gain novel functions in the regulation of polarized exocytosis 491 

unrelated to the exocyst. As postulated earlier (Žárský et al., 2013), it is highly probable that 492 

the diversified plant EXO70 isoforms acquired specific functions (even unrelated to the 493 

exocytosis), since in yeast and animal cells, the single EXO70 destabilizes tubulin 494 

cytoskeleton (Wang et al., 2004), influences actin dynamics (Zuo et al., 2006; Liu and Guo 495 

2012), lamellipodia formation by membrane deformation (Zhao et al., 2013), or pre-mRNA 496 

splicing (Dellago et al., 2011). First examples of EXO70 sub-functionalization in Arabidopsis 497 

and Medicago have been already published (see introduction).  498 

If EXO70C2 and EXO70C1 are indeed not stable subunits of the exocyst complex, 499 

EXO70A2 is then a good candidate for the core EXO70 subunit of the pollen exocyst as the 500 
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closest paralog to the prevalent sporophytic EXO70A1 exocyst subunit (72% sequence 501 

identity), and because its yeast two-hybrid interactions with other exocyst subunits were also 502 

similar to EXO70A1. Sekereš et al. (2017) documented the tobacco EXO70A paralog to be 503 

positively involved in exocytosis during tobacco pollen tube tip growth as a part of the 504 

exocyst complex. 505 

 506 

EXO70C1 and EXO70C2 as common factors for tip growth in both male gametophyte 507 

and sporophyte 508 

The localization pattern of GFP-tagged EXO70C1/C2 in Arabidopsis tissues fully matches the 509 

microarray data that indicate their pollen and trichoblast expression (Arabidopsis eFP 510 

Browser). Interestingly, this dual tissue specificity was suggested earlier based on a 511 

computational comparison of a translated Arabidopsis transcriptome with a soybean proteome 512 

(Cvrčková et al., 2010). Since root hairs produced by trichoblast cells and pollen tubes 513 

represent prime examples of tip growth in plants, it is likely that the EXO70C1/C2 regulatory 514 

module is specifically recruited to modulate this mode of cell expansion based on highly 515 

polarized tip-focused secretion. A number of regulators specific to polar growth is logically 516 

strongly correlated with EXO70C1/C2, including three RAB GTPases, ROP-GEF3/11/12, and 517 

transcription factors – all representing their potential interacting partners (ATTED-II; 518 

Genevestigator). Especially, a co-operation with ROP GTPases, major regulators of cell 519 

polarity, is highly probable, because their interaction with exocyst subunits EXO70B1 and 520 

SEC3 has been already documented (Hong et al., 2016; Lavy et al., 2007). Future 521 

experimental work will likely reveal additional functional interactions of EXO70C2 and 522 

EXO70C1 with other players involved in tip growth and elucidate the precise mechanism of 523 

their action. 524 

Although well-curated transcriptomic data for pollen-specific gene expression in other 525 

Angiosperm species apart from Arabidopsis and rice are scarce (Rutley and Twell, 2015), a 526 

mere comparison of these two species indicates that the EXO70C class is most probably 527 

related to pollen tube development in all Angiosperms, suggesting conservation of the 528 

EXO70C expression across monocots and dicots (Add. File 8 in Wei et al., 2010). This notion 529 

is supported by the tight clustering and relatively low divergence of EXO70C representatives 530 

in the EXO70 phylogenetic tree (Cvrčková et al., 2012). 531 

 532 

 533 
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Conclusions 534 

 535 

Pollen tubes characterized by their specific mode of elongation – the tip growth – 536 

represent an established model system for studies of cell expansion and its regulation in plant 537 

cell biology. Although the exact molecular mechanism of EXO70C1/C2 functions and the 538 

roles of other pollen EXO70 isoforms remain to be elucidated, we clearly demonstrated the 539 

importance of EXO70C1/C2 for optimal pollen tube growth via the exocytosis moderation, 540 

and thus revealed novel players in the complex network of the tip growth regulation. 541 

 542 

 543 

Materials and Methods 544 

 545 

Plant material 546 

Mutant plants of Arabidopsis thaliana were obtained from NASC (SALK T-DNA lines in the 547 

Columbia-0 ecotype; Alonso et al., 2003), GABI-Kat (GABI T-DNA lines in the Columbia-0 548 

ecotype; Kleinboelting et al., 2012) and Riken (RATM transposon lines in the Nossen-0 549 

ecotype; Ito et al., 2002; Kuromori et al., 2004). Following lines were used in this study: 550 

exo70A2 (GABI_824D06), exo70C1-1 (GABI_100A02), exo70C1-2 (GABI_334D05), 551 

exo70C2-1 (RATM16-1469-1), exo70C2-2 (SALK_045767), exo70F1 (SALK_036927), 552 

exo70H3 (GABI_651C10), exo70H5 (SALK_007810), exo70H6 (SALK_016535), and qrt1-1 553 

(CS8050; Preuss et al., 1994). Mutant plants were identified by selection when possible 554 

(GABI and RATM lines) and confirmed by PCR genotyping, then backcrossed to WT (Col-555 

0). 556 

Positions of insertions were verified by sequencing of PCR products obtained from ends 557 

of T-DNA/transposon insertions: exo70A2 (-160 bp), exo70C1-1 (+985 bp), exo70C1-2 558 

(+1030 bp), exo70C2-1 (+788 bp), exo70C2-2 (-405 bp), exo70F1 (+179 bp), exo70H3 (+31 559 

bp), exo70H5 (-63 bp), exo70H6 (-28 bp) – positive or negative numbers refer to nucleotide 560 

positions downstream or upstream, respectively, of the start codon in the genomic sequence.  561 

 562 

Genotype analysis and semi-quantitative RT-PCR 563 

DNA from mutant plants was extracted from 20 mg of fresh leaves as described in Edwards et 564 

al. (1991). Plants were genotyped using PCR with T-DNA-specific (LBb1, o8760) or 565 

transposon-specific (Ds5-2a) primers and gene-specific primers – all listed in Supplemental 566 

Table 1. 567 
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To test for the presence of gene transcripts in mutant plants, total RNA was isolated from 568 

100 mg of flowers using the RNeasy kit (Qiagen). cDNA was synthesized using the 569 

Transcriptor High Fidelity cDNA synthesis kit (Roche). Levels of transcript abundance were 570 

analyzed by semi-quantitative PCR with gene-specific pairs of primers (Supplemental Table 571 

1). ACTIN7 was amplified as a quantitative control. Lines exo70C1-1, exo70C1-2, exo70C2-1, 572 

exo70F1, exo70H3, exo70H5, exo70H6 were shown to be knock-outs; exo70C2-2 with a 573 

promoter insertion produced EXO70C2 transcripts at wild-type level; exo70A2 with a 574 

promoter insertion displayed overexpression of EXO70A2 (Supplemental Figure 3). 575 

 576 

Plant cultivation 577 

Seeds were surface sterilized (70% ethanol for 3 min, 10% commercial bleach for 10 min, and 578 

rinsed three times in sterile distilled water) and stratified for 3 days at 4°C. Seeds were then 579 

germinated on vertical ½ MS1 agar plates (½× Murashige and Skoog medium [Duchefa 580 

Biochemie] supplemented with 1% sucrose, vitamin mixture and 1.6% Plant agar [Duchefa 581 

Biochemie]) at 21°C and 16 h of light per day. The Riken RATM16-1469-1 1ine, GABI lines, 582 

and qrt1-1 mutants were selected (when segregation was out of the interest) on ½ MS1 agar 583 

plates with hygromycin (20 μg/ml), sulfadiazine (7.5 μg/ml), or Basta® (50 μg/ml), 584 

respectively. Eight-day-old seedlings were transferred into turf pellets (Jiffy Products 585 

International, Norway) and grown again at 22°C and 16 h of light per day. 586 

 587 

Preparation of amiRNA-driven knock-down lines  588 

Artificial microRNAs (amiRNA) against EXO70C1 and EXO70C2 (At5g13150, At5g13990) 589 

were designed using the on-line microRNA designer (http://wmd3.weigelworld.org/cgi-590 

bin/webapp.cgi), then PCR amplified from the pRS300 vector as described by Schwab et al. 591 

(2006). Resulting amiRNA cassettes were cloned using XhoI and NcoI into pWEN240 under 592 

the LAT52 promoter. Finally, amiRNA cassettes including the LAT52 promoter were further 593 

PCR-amplified and subcloned to the pBAR1 vector using XmaI and XbaI. Sequences and 594 

primers are listed in Supplemental Table 1. 595 

Resulting constructs with amiRNAxC1 or amiRNAxC2 were transformed by 596 

Agrobacterium-mediated transformation (Clough and Bent, 1998) into heterozygous mutants 597 

in EXO70C2 or EXO70C1, respectively. Primary transformants (T1) were selected for Basta® 598 

(phosphinothricin) resistance, and the presence of amiRNA cassettes was verified by PCR 599 

genotyping. Transmission of amiRNA cassettes was further analyzed based on the Basta® 600 

resistance of T2 seedlings. Primer sequences are listed in Supplemental Table 1. 601 
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 602 

In vitro Arabidopsis pollen germination 603 

Pollen was germinated on microscopic slides in 40-μl droplets of fresh germination medium 604 

(10% sucrose, 1.6 mM 0.01% H3BO3, 1 mM CaCl2, 1 mM MgSO4, 1 mM Ca(NO3)2, pH 605 

adjusted to 7.5). Pollen grains from fully open flowers were spread onto each droplet and one 606 

extracted pistil was dipped into each droplet. For confocal microscopy and kinetics, 607 

germination medium solidified with 1% low-melting-point agarose (Duchefa) was applied in 608 

a thin layer into a chambered coverglass Lab-Tek II (Thermo Scientific). Slides or chambers 609 

were enclosed to a humid chamber and incubated in a plant growth room at 22°C for 4 h 610 

(samples for pollen tube morphology and live staining) or 14 h (samples for pollen tube 611 

length), if not indicated differently. 612 

   613 

Germination efficiency and pollen tube morphology 614 

Images of in vitro germinated pollen (14 h) were taken using Olympus BX-51 with an 615 

UPlanFL N 10x/0.3 (long working distance objective), DIC optics, epifluorescence filter sets, 616 

and a DP50 camera (Olympus). The field aperture was nearly closed to enhance the depth of 617 

focus.  618 

Pollen grains were supposed as germinated when pollen tube length reached at least one 619 

half of pollen grain diameter. Pollen tube length was measured in the AnalySIS software 620 

(Olympus). Details of pollen tube morphology in brightfield were taken using an UPlanFL 621 

20x/0.5 or UPlanFL 40x/0.75 and DIC optics on Olympus BX-51. 622 

 623 

Callose staining in pistils 624 

Self-pollinated pistils were harvested approx. 12 h after opening of anthers. Callose staining 625 

with aniline blue in the pistils was done according to Mori et al. (2006) and imaged using a 626 

Nikon 90i microscope with a PlanApo 4x/0.2 objective and a Clara camera (Andor). 627 

 628 

Live staining of pollen tubes with fluorescent dyes 629 

Propidium iodide, calcofluor white, FM4-64 or aniline blue were diluted in liquid 630 

germination medium and applied gently onto in vitro germinated pollen before imaging. 631 

Images were captured using a Zeiss LSM 880 confocal laser scanning microscope with Plan-632 

Apochromat 10x/0.45, Plan-Apochromat 20x/0.8, C-Apochromat 40x/1.2 WI, and C-633 

Apochromat 63x/1.2 WI objectives. Working concentrations, excitations and the range of 634 
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recorded emission were as follows: propidium iodide – 30 μM, 514 nm/566–719 nm, 635 

calcofluor white – 1 µg/ml, 405 nm/400–500 nm. 636 

 637 

Measurement of pollen tube growth kinetics 638 

For evaluation of the maximal growth rate, pollen tubes were germinated on the solidified 639 

germination medium. Then, 4 positions with exo70C2 pollen and 4 with WT pollen were 640 

imaged for 5 hours, each position every 90 s, using a Nikon 90i microscope with a PlanApo 641 

10x/0.45 objective and a Clara camera (Andor) generating 1392 x 1040 px images. The 642 

growth rate was then calculated by measuring a difference in pollen tube length between 643 

frames using Fiji ImageJ (Schindelin et al., 2012). For the maximal pollen tube growth rate, 644 

values lower than 0.1 µm/min were excluded. The experiment was done in a triplicate with 645 

very similar results. 646 

For the pollen tube kinetics, germinated pollen was stained with calcofluor white (1 647 

µg/ml) diluted in liquid germination medium. Each pollen tube was continuously imaged 648 

every 5.3 s using a Zeiss LSM 880 confocal laser scanning microscope with C-Apochromat 649 

40x/1.2 WI, excitation 405 nm, emission recorded at 400–500 nm. The growth rate was then 650 

determined as above and the calcofluor white signal was measured as a mean intensity in a 651 

region of 20x30 pixels at the pollen tube apex through images with 14 px/μm resolution (cut-652 

outs 300x140 px are presented in Figure 4C). 653 

 654 

Ruthenium red staining 655 

Pollen tubes germinated on solid medium were covered 0.0001% ruthenium red solution in 656 

distilled water to induce pollen tube burst and stain cytoplasmic pectins. The WT and mutant 657 

pollen was always applied side by side on one glass slide. Images (1392 x 1040 px) were 658 

taken using a Nikon 90i microscope with a PlanApo 10x/0.45 or PlanApo 40x/0.95 objectives 659 

and a Clara camera (Andor). Staining intensity was quantified only in the extruded cytoplasm 660 

as relative intensity in the red channel after subtraction of the background. 661 

 662 

Cloning of gene constructs with GFP and RFP 663 

pEXO70C1::EXO70C1:GFP was prepared by PCR amplification of a promoter region 1507 664 

bp upstream from the start codon together with the EXO70C1 CDS (At5g13150) without stop 665 

codon from genomic DNA, bordered by SalI and NotI restriction sites (primer sequences in 666 

Supplemental Table 1), and cloned into SalI and NotI sites in pENTR3C Gateway vector 667 

(Invitrogen). This sequence was further transferred using LR clonase II (Invitrogen) to 668 
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pGWB4 Gateway vector (Nakagawa et al., 2007). The construct was then transformed by 669 

Agrobacterium-mediated transformation (Clough and Bent, 1998) to exo70C1-1 homozygous 670 

mutants. 671 

pEXO70C2::EXO70C2:GFP was generated analogically but with addition of BglII and 672 

NotI restriction sites to the ends of the CDS (At5g13990) and cloning into BamHI and NotI 673 

sites in the pENTR3C vector (Invitrogen). The construct was then introduced to WT plants by 674 

Agrobacterium-mediated transformation and after selection crossed to homozygous exo70C2-675 

1 mutants (the pGWB4 vector and Tn-insertion share the same hygromycin resistance, 676 

excluding a direct transformation of mutants). The presence of both the mutant allele and the 677 

introduced expression cassette was checked by PCR genotyping (primer sequences in 678 

Supplemental Table 1). 679 

To prepare pEXO70C2::GFP:EXO70C2, the amplified EXO70C2 CDS bordered by XbaI 680 

sites was first cloned into pBAR1-GFP vector using the XbaI site. GFP:EXO70C2 was then 681 

re-amplified from pBAR1 with addition of attB2 sequence at the 3’-end, and fused in 682 

subsequent overlapping PCR to the amplified promoter bordered by attB1 sequence at its 5’-683 

end and a fragment of GFP at its 3’-end. This product was then cloned into pDONR201 684 

(Invitrogen) using BP clonase II (Invitrogen) and finally transferred to pGWB1 (Nakagawa et 685 

al., 2007) using LR clonase II (Invitrogen). All primer sequences are listed in Supplemental 686 

Table 1. The construct was transformed to heterozygous exo70C2-1 mutants. 687 

To prepare pUBQ10::RFP:EXO70A1, the PCR-amplified EXO70A1 CDS (At5g03540) 688 

was inserted into pENTR3C (Invitrogen) using EcoRI and NotI (primer sequences in 689 

Supplemental Table 1) and subsequently transferred to pUBN-RFP using LR clonase II 690 

(Invitrogen). The construct was introduced by Agrobacterium-mediated transformation into 691 

exo70A1-2 heterozygous mutants (Synek et al., 2006) and selected on Basta®.  692 

 693 

Imaging of GFP-tagged EXO70C2/EXO70C1 and exocyst subunits  694 

For complementation assays, EXO70C2:GFP was imaged using the Olympus BX-51 with an 695 

eGFP-specific narrow-pass filter set and mixed with bright field. At least 120 pollen tubes 696 

were then measured for each line in the AnalySIS software (Olympus). 697 

Cellular localization of GFP-tagged EXO70C1/C2 was performed in chambered 698 

coverglass Lab-Tek II (Thermo Scientific) using a Zeiss LSM 880 confocal laser scanning 699 

microscope equipped with Plan-Apochromat 10x/0.45, Plan-Apochromat 20x/0.8, C-700 

Apochromat 40x/1.2 WI objectives. FM4-64 (5 μM) was applied before imaging to visualize 701 
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PM. After excitation with 488-nm laser, emitted fluorescence of GFP and FM4-64 was 702 

recorded at 493–535 nm and 575–650 nm, respectively. 703 

Dynamic localization of EXO70C2, EXO70C1, SEC8, and SEC10a in pollen tube tips 704 

was performed using a spinning disc confocal microscope (Yokogawa CSU-X1 on Nikon Ti-705 

E platform, Agilent MLC400 laser box, Zyla sCMOS camera (Andor), NIS Elements 4.1 706 

software). Exposure time was 300 ms, 4x averaging, 488-nm laser power 75%, and the 707 

images were taken every 4 s using a PlanApo 100x/1.4 lens. Five neighboring imaged were 708 

aligned and averaged for final figures. 709 

 710 

Yeast two-hybrid assay 711 

To test interactions of EXO70C2 with exocyst subunits, we prepared two different fusions of 712 

EXO70C2 with DNA-binding domain (BD) or Activating domain (AD): the full-length 713 

EXO70C2 CDS was PCR-amplified with the stop codon and bordered with NdeI and SmaI 714 

restriction sites, then digested and cloned into the pGBKT7 vector or pGADT7, respectively 715 

(Clontech). EXO70A2 CDS (At5g52340) was cloned analogically using EcoRI and SalI sites 716 

in pGBKT7. SEC15a CDS (At3g56640) was bordered with BamHI and SalI sites and cloned 717 

into BamHI and XhoI in pGADT7. Primers for cloning are listed in Supplemental Table 1. 718 

Exocyst genes fused to AD or BD as well as BD-ROH1 and AD-EXO70C1 were cloned 719 

previously (Hala et al., 2008; Kulich et al., 2010). 720 

The yeast two-hybrid screening employed the MATCHMAKER GAL4 Two-Hybrid 721 

System 3 (Clontech) following manufacturer’s protocols. Yeast strain AH109 was stepwise 722 

transformed. Prior to the second step, expression of the fusion proteins was verified by 723 

Western blotting using a rabbit polyclonal anti-GAL4-BD or anti-GAL4-AD antibody (1: 724 

1000, Sigma), respectively, according to the manufacturer’s recommendations. Double 725 

transformed cells were selected on -Leu -Trp medium. Single colonies were then scale-diluted 726 

in sterile water and dropped by 10 μl onto -Ade -His -Leu -Trp selective medium. 727 

 728 

 729 

Tables 730 

 731 

Table 1. Segregation of heterozygous mutants in putative pollen EXO70 isoforms. 732 

 733 

Allele +/+ +/- -/- n χ2 test P value Line 
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expected 25.0% 50.0% 25.0% 

exo70A2-OE 26.7% 51.7% 21.7% 120 0.733 0.693 GABI_824D06 

exo70C1-1* 24.0% 50.0% 26.0% 150 0.120 0.942 GABI_100A02  

exo70C1-2 24.6% 49.1% 26.3% 118 0.102 0.950 GABI_334D05 

exo70C2-1* 39.8% 50.9% 9.3% 159 30.037 <0.001 RATM16-1469-1 

exo70C2-2** 24.5% 48.1% 27.4% 106 0.321 0.853 SALK_045767 

exo70F1 21.9% 53.3% 24.8% 105 0.638 0.727 SALK_036927 

exo70H3 23.0% 56.0% 21.0% 100 1.520 0.468 GABI_651C10.0

3  

exo70H5 23.2% 48.2% 28.6% 112 0.786 0.675 SALK_007810  

exo70H6 26.0% 44.8% 29.2% 154 1.987 0.370 SALK_016535 

 734 

+/+ = WT plants; +/- = heterozygous mutants; -/- = homozygous mutants; OE – overexpressor 735 

line 736 

* these alleles were used for next analyses 737 

** T-DNA insertion in the promoter; transcripts present at WT level 738 

 739 

Table 2. Reciprocal crossing of exo70C2 and exo70C1 mutants to the wild type (Col-0). 740 

 741 

Allele Pollen donor: +/- 
Pollen recipient: +/+ 

 Pollen donor: +/+ 

Pollen recipient: +/- 

 +/+ +/- χ2 test P 

value 

n*  +/+ +/- χ2 test P 
value 

n* 

expected 50.0% 50.0%     50.0% 50.0%    

exo70C2-

1 

87.5% 12.5% 63.00 <0.001 112  49.1% 50.9% 0.035 0.851 114 

exo70C1-

1 

49.1% 50.9% 0.034 0.853 116  51.8% 48.2% 0.145 0.703 110 

 742 

+/+ = WT plants; +/- = heterozygous mutants 743 

* seeds from at least six independent crosses 744 

 745 

 746 
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Table 3. Segregation of exo70C2 heterozygotes in the homozygous exo70H3 mutant 747 

background. 748 

 749 

Allele +/+ +/- -/- n χ2 test P value 

normal 25.0% 50.0% 25.0%  

exo70C2-1 39.8% 50.9% 9.3%  

exo70C2-1  

in exo70H3 

47.2% 47.3% 5.5% 146 * 51.411

** 4.713

* <0.001 

** 0.095 

 750 

+/+ = WT plants; +/- = heterozygous mutants 751 

* Chi-square test related to the normal segregation 752 

** Chi-square test related to the exo70C2-1 single mutant segregation 753 

 754 

 755 

Table 4. Transmission of amiRNA cassettes targeting EXO70C1 or EXO70C2. 756 

 757 

Plant amiRNA 

Background 
genotype 

Plants bearing amiRNA 
cassette in the offspring n Comments 

 xC2 exo70C1 50% 
expected for a 

functional construct 

 xC2 exo70C1 75% 
expected for a non-

functional construct 

#1 xC2 exo70C1 53% 128 PCR genotyping 

#1 xC2 exo70C1 52% 195 Basta® selection 

#2 xC2 exo70C1 44% 116 Basta® selection 

#3 xC2 exo70C1 56% 81 Basta® selection 

 xC2 WT 60%*  
expected for a 

functional construct 

 xC2 WT 75%  
expected for a non-

functional construct 

#7 xC2 WT 63% 230 Basta® selection 

#8 xC2 WT 65% 249 Basta® selection 

 xC1 exo70C2 50% expected for a 
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functional construct 

 xC1 exo70C2 75% 
expected for a non-

functional construct 

#4 xC1 exo70C2 49% 174 Basta® selection 

#5 xC1 exo70C2 52% 107 Basta® selection 

#6 xC1 exo70C2 52% 109 Basta® selection 

 xC1 WT 75%  
expected for a 

functional construct 

 xC1 WT 75%  
expected for a non-

functional construct 

#9 xC1 WT 79% 100 Basta® selection 

#10 xC1 WT 76% 382 Basta® selection 

 

* estimated based on the transmission efficiency of the exo70C2-1 allele 

 758 

 759 

Table 5. Transmission of the amiRNA targeting EXO70C2 in the exo70C1 homozygous 760 

mutant background via male or female gametophyte. 761 

 762 

Pollen donor: amiRNAxC2 in exo70C1 

Pollen recipient: exo70C1 

+ - χ2 P value n 

0% 100%  142.00  <0.001 142 

     

Pollen donor: exo70C1 

Pollen recipient: amiRNAxC2 in exo70C1 

+ - χ2 P value n 

44.9

% 

55.1

% 1.44   0.23 136 

 763 

 764 

Supplemental Materials 765 

 766 
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The following supplemental materials are available. 767 

 768 

Supplemental Figure 1. Expression of candidate pollen EXO70 genes during pollen 769 

development in Arabidopsis. 770 

 771 

Supplemental Figure 2. EXO70C1 and EXO70C2 expression in Arabidopsis roots. 772 

 773 

Supplemental Figure 3. Positions of insertions in exo70 mutant lines and semi-quantitative 774 

RT-PCR analysis of gene expression of the affected EXO70 isoforms. 775 

 776 

Supplemental Figure 4. Propidium iodide staining of protoplast-like structures emerging 777 

from the exo70C2 pollen tube apex. 778 

 779 

Supplemental Figure 5. Pollen tube lengths of complemented exo70C2 lines non-segregating 780 

for the pEXO70C2::EXO70C2:GFP expression cassette. 781 

 782 

Supplemental Figure 6. Localization of pEXO70C2::GFP:EXO70C2 is identical to 783 

pEXO70C2::EXO70C2:GFP. 784 

 785 

Supplemental Movie 1. Growth dynamics of exo70C2 and WT pollen tubes stained with 786 

calcofluor white. 787 

 788 

Supplemental Movie 2. Growth dynamics of exo70C2 and WT pollen tubes stained with 789 

calcofluor white. 790 

 791 

Supplemental Movie 3. Multiple exo70C2 pollen tube bursts and recovery.  792 

 793 

Supplemental Table 1. List of primers used in this study. 794 

 795 

Supplemental File 1. Interactive model of genetic segregation. 796 

 797 

 798 
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 809 

Figure Legends 810 

 811 

Figure 1. Expression of exocyst genes in Arabidopsis pollen. 812 

 813 

A) Mean expression values in linear scale based on the ATH1 (Affymetrix) microarray data in 814 

Genevestigator. NA = not available on the ATH1 DNA chip.  815 

B) Quantification of mRNA based on RNA-Seq data on mature pollen (Loraine et al., 2013). 816 

C) Number of peptides detected in the proteome of mature pollen using mass spectroscopy 817 

(LC-MS/MS) (Grobei et al., 2009). 818 

 819 

 820 

Figure 2. Pollen tube lengths of exo70C2 mutants. 821 

 822 

Distribution of pollen tube lengths in samples of in vitro germinated pollen from WT (A), 823 

exo70C2 heterozygotes (B), and exo70C2 homozygotes (C). Two independent lines of the 824 

same genotype are displayed in each graph; HT – heterozygous; HM – homozygous. At least 825 

120 pollen tubes were measured for each line. 826 

D) Box plots comparing the data from A–C.  827 

 828 

Figure 3. Morphology of exo70C2 pollen tubes germinated in vitro.  829 

 830 

A–C) Germinated pollen of a WT plant (A), an exo70C2 heterozygous plant (B), and an 831 

exo70C2 homozygous plant (C) in the quartet-1 background. Putative WT or mutant pollen 832 

tubes are marked by white or black arrows, respectively; arrows of the same design 833 

correspond to the same tetrad. Scale bars = 100 μm. 834 
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D) Distribution of pollen tube lengths in samples above (A–C). 835 

E) A typical WT pollen tube. Scale bar = 20 μm. 836 

F–K) Mutant pollen tubes showing relatively normal morphology (F), branching (G, I), sharp 837 

bending (H), effusion of cytoplasm (G, I; marked by arrowheads), or production of protoplast-838 

like structures emerging from tube tips (J, K; marked by asterisks). Scale bars = 20 μm. 839 

L) Aniline blue staining of pollinated pistils of a wild type and exo70C2 homozygote 840 

visualizing callose in pollen tubes. Scale bar = 200 μm. 841 

 842 

 843 

Figure 4. Growth rate and cell wall characteristics of exo70C2 and WT pollen tubes. 844 

A) Growth rate of a typical WT and exo70C2 pollen tube correlated with cell wall thickness 845 

(calcofluor white fluorescence) at the tube apex. Images for measurement were captured at 846 

intervals of 5 s. 847 

B) The averaged maximal growth rate of exo70C2 is significantly higher than that of WT (SD 848 

is displayed; * Student’s t-test P value < 0.00001). Measurements were performed on 15 tubes 849 

per genotype at multiple timepoints every 90 s. 850 

C) Calcofluor white fluorescence represented as an intensity color scale (purple to white) 851 

shows differential cell wall deposition at the tube apex during highly fluctuating growth rate 852 

of the exo70C2 pollen tube compared to WT characterized by low oscillations. 853 

D) Pollen tubes of WT and exo70C2 germinated and stained on the same slide with ruthenium 854 

red diluted in distilled water to cause the extrusion of cytoplasm. Details of burst tips that 855 

were used for quantification are inserted. 856 

E) Quantification of the ruthenium red staining in extruded cytoplasm as relative intensity in 857 

the red channel subtracted from the background. is displayed; * Student’s t-test P value < 10-858 
10; SD n = 50 for each genotype. 859 

F) Propidium iodide staining of growing pollen tubes. Maximum intensity projection over a 860 

confocal Z-stack. Asterisks mark sites of collapses; arrowheads point to sites of stopped 861 

growth. 862 

 863 

 864 
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Figure 5. Pollen tube lengths of exo70C2 lines complemented with 865 

pEXO70C2::EXO70C2:GFP. 866 

 867 

A) A representative microscopic image from the series used for pollen tube length analysis 868 

above. Longer pollen tubes emitting pEXO70C2::EXO70C2:GFP fluorescence represent 869 

complemented exo70C2 mutant pollen tubes. GFP fluorescence mixed with bright field. Scale 870 

bar = 100 μm. 871 

B) Distribution of pollen tube lengths in samples of in vitro germinated pollen from 872 

homozygous exo70C2 mutants in which the introduced pEXO70C2::EXO70C2:GFP was in a 873 

heterozygous state. Fluorescent and non-fluorescent pollen tubes were measured separately 874 

within each sample. Two independent lines (1 and 2) were analyzed. Box plots inserted are 875 

another presentation of the same data. 876 

 877 

 878 

Figure 6. Localization of EXO70C1:GFP and EXO70C2:GFP expressed under their native 879 

promoters in cells of exo70C1 or exo70C2 homozygotes, respectively. 880 

 881 

A) EXO70C1:GFP and EXO70C2:GFP in mature pollen grains (the fluorescence intensity in 882 

both samples not to scale). In addition, EXO70C1:GFP accumulates in the vegetative nucleus 883 

(marked by arrow). Expression cassettes were segregating in the samples – non-fluorescent 884 

pollen grains provide reference for the background fluorescence. Scale bars = 10 μm. 885 

B) EXO70C1:GFP and EXO70C2:GFP in the cytoplasm of pollen tubes. Scale bars = 10 μm. 886 

C) EXO70C1:GFP and EXO70C2:GFP in roots. The expression of EXO70C1 starts already 887 

in the late meristem. Gray dotted lines mark root tips. Scale bars = 100 μm. 888 

D) EXO70C1:GFP and EXO70C2:GFP are specifically expressed in trichoblast cells in roots 889 

(maximum intensity projection of confocal Z-stacks). Scale bars = 20 μm. 890 

E) Top views at 3D reconstructions calculated from the Z-stacks in (D). 891 

F) While EXO70C1:GFP localizes to the cytoplasm and nucleus in elongated trichoblast cells, 892 

EXO70C2:GFP is localized exclusively in the cytoplasm. Nuclei marked by arrows. Cell 893 

walls stained with propidium iodide (in magenta). Scale bars = 10 μm. 894 

G) Cytoplasmic localization of EXO70C1:GFP and EXO70C1:GFP in growing root hairs. 895 

Cell walls stained with propidium iodide (in magenta). Scale bars = 10 μm. 896 
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H) The onset of EXO70C1:GFP expression in the root meristem. EXO70C1:GFP accumulates 897 

in the perinuclear region and/or nucleolus at certain stages. Cell walls stained with propidium 898 

iodide (in magenta). Scale bar = 10 μm. 899 

 900 

 901 

Figure 7. Localization of EXO70C1 and EXO70C2 in comparison to core exocyst subunits in 902 

Arabidopsis pollen tubes and root hairs. 903 

 904 

A) GFP:SEC8 and SEC10a:GFP exhibit a plasma-membrane association in the apex of 905 

growing pollen tubes in contrast to EXO70C1:GFP and EXO70C2:GFP that show 906 

cytoplasmic localization. Averaged time series (5 sequential images taken at 4s intervals) and 907 

one representative single image out of the series are displayed. Scale bar = 10 μm. 908 

B) Co-localization of EXO70C2:GFP (green) and RFP:EXO70A1 (magenta) in growing root 909 

hairs shows no overlap. Scale bar = 10 μm. 910 

 911 

 912 

Figure 8. EXO70C2 and EXO70A2 interactions in the yeast two-hybrid assay. 913 

A) Pair-wise interactions with core exocyst subunits: EXO70A1–SEC3a and EXO70A1–914 

EXO84b-N interactions described in Hála et al. (2008) were used as positive controls. Empty 915 

vectors pGADT7 (AD) and pGBKT7 (BD) were used as negative controls. BD-SEC3a and 916 

BD-SEC10b were omitted in this assay since they show high auto-activation capacity (Hála et 917 

al., 2008). 918 

B) AD-EXO70C2 interacts with BD-ROH1, a putative negative regulator of secretion, similar 919 

to AD-EXO70C1 published in Kulich et al. (2010). 920 

 921 

 922 

 923 
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