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Polarized exocytosis is critical for pollen tube growth, but its localization and function are still under debate. The exocyst vesicle-
tethering complex functions in polarized exocytosis. Here, we show that a sec3a exocyst subunit null mutant cannot be
transmitted through the male gametophyte due to a defect in pollen tube growth. The green fluorescent protein (GFP)-SEC3a
fusion protein is functional and accumulates at or proximal to the pollen tube tip plasma membrane. Partial complementation of
sec3a resulted in the development of pollen with multiple tips, indicating that SEC3 is required to determine the site of pollen
germination pore formation. Time-lapse imaging demonstrated that SEC3a and SEC8 were highly dynamic and that SEC3a
localization on the apical plasma membrane predicts the direction of growth. At the tip, polar SEC3a domains coincided with
cell wall deposition. Labeling of GFP-SEC3a-expressing pollen with the endocytic marker FM4-64 revealed the presence of
subdomains on the apical membrane characterized by extensive exocytosis. In steady-state growing tobacco (Nicotiana tabacum)
pollen tubes, SEC3a displayed amino-terminal Pleckstrin homology-like domain (SEC3a-N)-dependent subapical membrane
localization. In agreement, SEC3a-N interacted with phosphoinositides in vitro and colocalized with a phosphatidylinositol 4,5-
bisphosphate (PIP2) marker in pollen tubes. Correspondingly, molecular dynamics simulations indicated that SEC3a-N
associates with the membrane by interacting with PIP2. However, the interaction with PIP2 is not required for polar
localization and the function of SEC3a in Arabidopsis (Arabidopsis thaliana). Taken together, our findings indicate that SEC3a
is a critical determinant of polar exocytosis during tip growth and suggest differential regulation of the exocytotic machinery
depending on pollen tube growth modes.

Pollen tube growth provides a unique model system
for studying the role of exocytosis in cell morphogen-
esis. Pollen tubes are characterized by a highly rapid
polarized unidirectional tip growth. Given the relative
simplicity of their structure, fast growth rates, haploid
genome content, and ability to grow under in vitro
culture conditions, pollen tubes provide an extremely
attractive system for studying cell morphogenesis.
Furthermore, the growth characteristics of pollen tubes
resemble those of root hairs, moss protonema, and
fungal hyphae and to some extent can be paralleled to
neurite growth (Chebli and Geitmann, 2007; Cheung
and Wu, 2008; Guan et al., 2013; Hepler and Winship,
2015).

It is well established that oscillating polarized exo-
cytosis is fundamental for pollen tube development and
determines growth rate (Bove et al., 2008; McKenna
et al., 2009; Chebli et al., 2013). Exocytosis is required for
the delivery of membrane and cell wall components to
the growing tip. Yet, the exact location where exocy-
tosis takes place is under debate. Ultrastructural studies
showing the accumulation of vesicles at the tip sug-
gested that exocytosis takes place at the tip (Lancelle
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et al., 1987; Lancelle and Hepler, 1992; Derksen et al.,
1995), which was further supported by studies on the
dynamics of cell wall thickness (Rojas et al., 2011), se-
cretion of pectin methyl esterase (PME) and PME in-
hibitor, and staining of pectin by propidium iodide (PI;
Röckel et al., 2008; Rounds et al., 2014). Conversely,
based on colabeling with FM1-43 and FM4-64, it was
concluded that exocytosis takes place in a subapical
collar located in the transition zone between the tip and
the shank, as well as at the shank, but not at the tip
(Bove et al., 2008; Zonia and Munnik, 2008). In agree-
ment, the pollen tube-specific syntaxin GFP-SYP124
was observed in the inverted cone, 10 to 25 mm away
from the tip (Silva et al., 2010), and fluorescence re-
covery after photobleaching experiments with FM dyes
also have indicated that exocytosis takes place at the
subapical region (Bove et al., 2008; Moscatelli et al.,
2012; Idilli et al., 2013). Yet, based on pollen tube reor-
ientation experiments in a microfluidics device, it was
concluded that growth takes place at the tip rather than
at a subapical collar located in the transition zone be-
tween the apex and the shank (Sanati Nezhad et al.,
2014). The tip-based growth is in agreement with exo-
cytosis taking place at the tip. Presumably, part of the
disagreement regarding the site of exocytosis resulted
from the lack of intracellular markers for exocytosis
(Cheung andWu, 2008; Hepler andWinship, 2015), and
as a result, the relationship between the FM dye-labeled
inverted cone and exocytotic events during pollen tube
growth is not fully understood.
In many cell types, the process of secretory vesicles

tethering and docking prior to fusion with the plasma
membrane is initially mediated by an evolutionarily
conserved tethering complex known as the exocyst. The
exocyst is a heterooligomeric protein complex com-
posed of eight subunits, SEC3, SEC5, SEC6, SEC8,
SEC10, SEC15, EXO70, and EXO84 (TerBush et al., 1996;
Guo et al., 1999). Studies originally based on budding
yeast (Saccharomyces cerevisiae) have shown that the
exocyst functions as an effector of Rab and Rho small
GTPases that specifies the sites of vesicle docking and
fusion at the plasma membrane in both space and time
(Guo et al., 2001; Zhang et al., 2001). Support for the
function of the exocyst in vesicle tethering was dem-
onstrated recently by ectopic Sec3p-dependent vesicle
recruitment to the mitochondria (Luo et al., 2014).
Land plants contain all subunits of the exocyst com-

plex, which were shown to form the functional complex
(Elias et al., 2003; Cole et al., 2005; Synek et al., 2006;
Hála et al., 2008). Studies in Arabidopsis (Arabidopsis
thaliana) and maize (Zea mays) have implicated the
exocyst in the regulation of pollen tube and root hair
growth, seed coat deposition, response to pathogens,
cytokinesis, and meristem and stigma function (Cole
et al., 2005; Synek et al., 2006; Hála et al., 2008; Fendrych
et al., 2010; Kulich et al., 2010; Pecenková et al., 2011;
Safavian and Goring, 2013; Wu et al., 2013; Safavian
et al., 2015; Zhang et al., 2016). The growth arrest of
pollen tubes in sec8, sec6, sec15a, and sec5a/sec5b single
and double mutants (Cole et al., 2005; Hála et al., 2008)

or following treatment with the EXO70 inhibitor
ENDOSIDIN2 (Zhang et al., 2016), and of root hairs in
maize root hairless1 (rth1) SEC3 mutant (Wen et al.,
2005), the inhibition of seed coat deposition in the sec8
and exo70A1mutants (Kulich et al., 2010), and stigmatic
papillae function in exo70A1 mutant plants (Safavian
and Goring, 2013; Safavian et al., 2015) have implicated
the exocyst in polarized exocytosis in plants. Given
their function, it was likely that exocyst subunits could
be used as markers for polarized exocytosis. Further-
more, it could also be hypothesized that, by studying
the mechanisms that underlie the association of the
exocyst complex with the plasma membrane, it should
be possible to identify mechanisms underlying the
regulation of polarized exocytosis (Guan et al., 2013).
Moreover, since the interaction of exocytotic vesicles
with the exocyst is transient and marks the site(s) of
active exocytosis in the membrane, fluorescently la-
beled exocyst subunits could be used as markers for
exocytosis while avoiding potential imaging artifacts
stemming from pollen tube tips densely populatedwith
vesicles.

We have shown previously that the ROP effector
ICR1 can interact with SEC3a and that ROPs can recruit
SEC3a-ICR1 complexes to the plasma membrane (Lavy
et al., 2007). However, ICR1 is not expressed in pollen
tubes, suggesting that SEC3a membrane binding in
these cells is likely dependent on other factors. In yeast,
the interaction of Sec3p and Exo70p subunits with the
plasma membrane is critical for exocyst function (He
and Guo, 2009). It has been shown that the membrane
binding of both Sec3p and Exo70p is facilitated by their
interaction with phosphatidylinositol 4,5-bisphosphate
(PIP2; He et al., 2007; Zhang et al., 2008). The yeast
Exo70p interacts with PIP2 via a number of positively
charged residues distributed along the protein, with
the highest number located at the C-terminal end
(Pleskot et al., 2015). It has been suggested that yeast
Sec3p interacts with PIP2 through N-terminal basic
residues (Zhang et al., 2008). These data were further
corroborated by x-ray crystallography studies, which
showed that the yeast Sec3p N-terminal region forms a
Pleckstrin homology (PH) domain fold (Baek et al.,
2010; Yamashita et al., 2010), a PIP2 interaction motif
(Lemmon, 2008).

The localization of the exocyst subunits has been
addressed in several studies. In Arabidopsis root hairs
and root epidermis cells, SEC3a-GFP was observed
in puncta distributed throughout the cell (Zhang et al.,
2013). Studies on the Arabidopsis EXO70 subunits
EXO70E2, EXO70A1, and EXO70B1 revealed them to be
localized in distinct compartments that were termed
exocyst-positive organelles (Wang et al., 2010). The
exocyst-positive organelles, visualized mostly by ec-
topic expression, were shown to be cytoplasmic double
membrane organelles that can fuse with the plasma
membrane and secrete their contents to the apoplast in
an exosome-like manner. It is not yet known whether
other exocyst subunits also are localized to the same
organelles and what might be the biological function of
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this putative compartment (Wang et al., 2010; Lin et al.,
2015). In differentiating xylem cells, two coiled-coil
proteins termed VESICLE TETHERING1 and VESICLE
TETHERING2 recruit EXO70A1-positive puncta to
microtubules via the GOLGI COMPLEX2 protein
(Oda et al., 2015). Importantly, the functionality of the
XFP fusion proteins used for the localization studies
described above was not tested, and in most cases, the
fusion proteins were overexpressed. Therefore, the
functional localization of the exocyst is still unclear.

Here, we studied the function and subcellular local-
ization of the Arabidopsis exocyst SEC3a subunit using
a combination of genetics, cell biology, biochemistry,
and structural modeling approaches. Our results show
that SEC3a is essential for the determination of pollen
tube tip germination site and growth. Partial comple-
mentation of sec3a resulted in the formation of pollen
with multiple pollen tube tips. In Arabidopsis growing
pollen tubes, SEC3a localization is dynamic, and it ac-
cumulates in domains of polarized secretion, at or close
to the tip plasma membrane (PM). Labeling of GFP-
SEC3-expressing pollen with FM4-64 revealed the
spatial correlation between polarized exocytosis and
endocytic recycling. Furthermore, the association of
SEC3a with PM at the tip marks the direction of tube
elongation and positively correlates with the deposition
of PI-labeled pectins and specific anti-esterified pectin
antibodies in the cell wall. In tobacco (Nicotiana taba-
cum), the mechanisms underlying SEC3a interaction
with the PM and its subcellular distribution depend on
pollen tube growth mode and involve the interaction
with PIP2 through the N-terminal PH domain. Collec-
tively, our results highlight the function of SEC3a as a
polarity determinant that links between polarized ex-
ocytosis and cell morphogenesis. The correlation be-
tween exocyst function and distribution in pollen tubes
provides an explanation for some of the current dis-
crepancies regarding the localization of exocytosis.

RESULTS

Expression of SEC3 Paralogs in Arabidopsis

In Arabidopsis, there are two SEC3 paralogs, SEC3a
(At1g47550) and SEC3b (At1g47560), encoded as a tan-
dem duplication in the genome and showing 84% and
97% nucleotide identity in their genomic and coding
sequences, respectively (Cvr�cková et al., 2012). The
high degree of sequence identity between SEC3a and
SEC3b delayed their correct annotation (Lamesch et al.,
2012) and compromised the determination of their ex-
pression patterns by microarrays. Reliable expression
data for each of the two genes could be obtained only
using oligonucleotide primers for the 39 untranslated
region (Supplemental Fig. S1). The expression patterns
of SEC3a and SEC3b were determined by reverse tran-
scription (RT)-PCR. The SEC3a transcript was detected
in seedlings, roots, and different organs of the sporo-
phyte, including flowers (Fig. 1A). GUS expression
driven by the SEC3a promoter confirmed the constitutive

expression pattern detected by RT-PCR and further in-
dicated that the expression of SEC3a is higher in primary
root tips, distal tips of cotyledons, and lateral root pri-
mordia (Fig. 1, B–D). Compared with SEC3a, SEC3b ex-
pression was much lower and spatially restricted, with
low transcript levels that could be detected only in
flowers and siliques (Fig. 1A). Within flowers, SEC3a and
SEC3b expressionwas detected in ovules, fully developed
anthers, and in vitro-germinated pollen (Fig. 1A). The
expression and promoter analysis suggested that SEC3a is
the major SEC3 paralog in Arabidopsis and that SEC3b
may function redundantly with SEC3a in some floral
tissues.

Identification of T-DNA Insertion Mutants in SEC3a
and SEC3b

To analyze the function of SEC3 in Arabidopsis, we
employed a reverse genetics approach. To this end, we
identified T-DNA insertion mutants in both SEC3a and
SEC3b. The GABI_652H12 line carries a T-DNA inser-
tion in the last exon, namely exon 25, of the SEC3a gene
(sec3a-1), and the SALK_064295 line carries a T-DNA
insertion in exon-17 of SEC3b (sec3b-1; Fig. 1E). Exact
positions of the T-DNA inserts and fitting of the insert
to the specific paralog were verified by sequencing
(Supplemental Fig. S1B). It is important to mention that
we also analyzed additional SEC3a mutant alleles
(SALK_140590, SALK_145185, and SALK_140593, all
predicted to carry an insert in the first intron), but we
were unable to identify T-DNA inserts at the predicted
locations, suggesting incorrect annotations of these lines.

The sec3a-1 allele shows resistance to the sulfadiazine
(Sd) selection marker, which cosegregates with the
T-DNA insert in SEC3a. Homozygous sec3a-12/2 plants
could not be obtained from heterozygote sec3a-1 prog-
eny (Table I; Supplemental Fig. S2, A and B). Moreover,
the progeny of sec3a-1+/2 heterozygote plants segre-
gated at a 1:1 ratio with respect to Sd resistance, devi-
ating from the expected 3:1Mendelian segregation ratio
(Table II), thus implying a gametophytic transmission
defect. In contrast to sec3a-1, homozygous sec3b-12/2

plants were identified using a combination of SEC3b
gene-specific and T-DNA-specific primers (Supplemental
Fig. S2C). The SEC3b mRNA transcript could not be
detected in sec3b-12/2 homozygous flowers, indicating
that sec3b-1 is a null allele (Fig. 1F). The macroscopic
phenotype of sec3b-12/2 homozygous seedlings is similar
to that ofwild-typeCol-0 (Supplemental Fig. S3),which is
not surprising, given the low expression levels of SEC3b
and its redundancy with SEC3a.

Pollen-Specific Transmission Defects in sec3a-1

The sec3a-1 heterozygote plants were outcrossed to
wild-type Col-0 plants for three successive generations
to reduce the chance of nonrelated mutations linked to
the allele, and they always segregated at a 1:1 ratio with
respect to Sd resistance. In order to verify whether
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transmission defects in sec3a-1+/2 plants are associated
with the male or the female gametophyte, reciprocal
outcrosses to Col-0 were performed. When sec3a-1+/2

pollen was used for fertilization of the wild type,
the mutant allele was not transferred to the progeny
(n = 408), whereas in reciprocal crosses, the mutant
allele was transmitted at the predicted ratio (n = 483).
These data indicate that the sec3a-1 allele has a male
gametophyte transmission defect (Table II).

To confirm that the pollen-transmission defects in the
sec3a-1 allele were associated with the mutation in
SEC3a, gene complementation experiments were per-
formed. Plants expressing the coding sequence of
SEC3a and of SEC3a N-terminally fused to GFP (GFP-
SEC3a) under the control of the pollen promoter LAT52
were crossed to the sec3a-1 heterozygote plants, thus
generating sec3a-1+/2/LAT52:SEC3a and sec3a-1+/2/
LAT52:GFP-SEC3a plants, respectively. Outcrosses to

Table I. Genotyping and segregation analysis of self crosses in sec3a-1mutant and complementation lines

Shown is a summary of genotypes detected in Sd-resistant progeny of sec3a-1+/2, sec3a-1+/2/LAT52:
SEC3a, and sec3a-1+/2/LAT52:GFP-SEC3a complementation lines, confirmed by PCR analysis. The x2 test
was applied for statistical analysis: P # 0.005 indicates that observed data differ significantly from the
expected data; NS, not significantly different.

Genotype N sec3a-1+/2 sec3a-12/2 x2 P

sec3a-1+/2 (self-cross) 72 72 0 36 #0.0001
sec3a-1+/2/LAT52:SEC3a line 1+/2 8 5 3 0.063 $0.80, NS
sec3a-1+/2/LAT52:SEC3a line 2+/2 23 21 2 6.283 $0.01
sec3a-1+/2/LAT52:GFP-SEC3a line1+/2 12 9 3 0.375 $0.5, NS
Expected 66.6% 33.3%

Figure 1. Expression pattern of the SEC3a and
SEC3b paralogs and genotyping of sec3a-1 and
sec3b-1 mutants. A, RT-PCR showing the expres-
sion of SEC3a and SEC3b in seedlings at 6 and 14 d
after germination (DAG), different mature plant
organs, closed flowers (Fc), ovules, anthers (fully
developed from closed flowers), and in vitro-
germinated pollen. B to D, Expression pattern of
SEC3a (PSEC3a:GUS) in seedlings. Four indepen-
dent lines were used for analysis. B, A 2-DAG
seedling showing the highest expression levels in
cotyledons and primary root tips (arrowheads). C,
A primary root of a 2-DAG seedling. dfz, Differ-
entiation zone; dz, division zone; ez, elongation
zone. The arrowhead marks expression in root
hairs. D, A root with an emerging lateral root pri-
mordium. Bars = 50 mm. E, Schematic represen-
tation of SEC3a and SEC3b gene exon-intron
organization. Gene-specific primers used for
genotyping and determining the T-DNA insert lo-
cations are specified by arrows. Numbers indicate
nucleotide positions from the initiation ATG co-
don. The T-DNA inserts at positions 6,673 in
SEC3a and 4,529 in SEC3b are highlighted by ar-
rowheads. F, RT-PCR showing the expression of
SEC3a and SEC3b in flowers of the indicated gen-
otypes. Fo, Open flower. A genomic DNA control
was included to display primer efficiency. G, SEC3a
and SEC3b expression in sec3a-1/LAT52:SEC3a
complemented plants. Note that in sec3a-12/2/
LAT52:SEC3a homozygous lines, expression of the
SEC3a coding sequence (CDS) indicates that the
SEC3a transgene constructwas in the sporophyte (for
primer details, see Supplemental Fig. S1).
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the Col-0 background indicated that both constructs
successfully complemented the male gametophytic
defects associated with the sec3a-1 mutation, since the
mutant allele was transmitted through the pollen
and cosegregated with Basta resistance, a selection
marker for LAT52:SEC3a/GFP-SEC3a lines (Table II;
Supplemental Table S1). In control reciprocal out-
crosses, LAT52:SEC3a and LAT52:GFP-SEC3a did not
affect the transmission of the sec3a-1 allele through the
female gametophyte and did not cosegregate with the
mutation (Table II; Supplemental Table S1).

Homozygous sec3a-12/2 plants were identified
among the progeny of self-crossed sec3a-1+/2/LAT52:
SEC3a complementation lines using PCR (Table I;
Supplemental Fig. S2D), which was further confirmed
by nonsegregating Sd-resistant progeny (Supplemental
Table S2). Endogenous SEC3a expression was not
detected in sec3a-12/2/LAT52:SEC3a seedlings, indi-
cating that sec3a-1 is a null allele, while a transcript
corresponding to the SEC3a coding sequence used for

complementation was present in sec3a-12/2 seedlings,
indicating that, in our system, the LAT52 promoter
also drove expression in the sporophyte (Fig. 1G).
Moreover, SEC3b expression was not up-regulated in
sec3a-12/2/LAT52:SEC3a seedlings. To confirm that the
sec3a-1 phenotype was not associated with embryonic
lethality, we counted the number of aborted seeds and
found it to be similar to that in plantswithout the T-DNA
insert (Supplemental Table S3). Taken together, these
data showed that knockout of SEC3a resulted in a male
gametophyte transmission defect, similar to mutants in
genes encoding the SEC5, SEC6, SEC8, and SEC15 exo-
cyst subunits (Cole et al., 2005; Hála et al., 2008).

Pollen Germination and Pollen Tube Growth Are
Compromised in the sec3a-1 Mutant

Next, we examined whether the male gametophyte
transmissiondefect in sec3a-1plants is due to compromised

Table II. Genotyping and segregation analysis of reciprocal outcrosses in sec3a-1 mutant and complementation lines

Shown is a summary of Sd-resistant and -sensitive progeny in reciprocal outcrosses of sec3a-1+/2, sec3a-1+/2/LAT52:SEC3a, and sec3a-1+/2/LAT52:
GFP-SEC3a to the Columbia-0 (Col-0) background. *, The difference from expected could be explained by the variable expression levels of the
complementation constructs in individual pollen. The x2 test was applied for statistical analysis: P # 0.005 indicates that observed data differ
significantly from the expected data; NS, not significantly different.

Reciprocal Outcrosses
Sd Selection Marker

N Sensitive +/+ Resistant sec3a-1+/2 or sec3a-12/2 x2 P

sec3a-1+/2 (self-cross) 1,140 52% 48% 323 #0.0001
Expected 25% 75%
Pollen source: sec3a-1+/2 408 100% 0% 408 #0.0001
Pollen recipient: Col-0
Pollen source: Col-0 483 50.5% 49.5% 0.033 $0.8, NS
Pollen recipient: sec3a-1+/2

Expected 50% 50%
Pollen source: sec3a-1+/2/ 228 72% 28% 2.8 #0.1, NS
LAT52:SEC3a line1+/2

Pollen recipient: Col-0
Pollen source: sec3a-1+/2/ 198 80% 20% 15.3 #0.001*
LAT52:GFP-SEC3a line 1+/2

Pollen recipient: Col-0
Pollen source: sec3a-1+/2/ 145 74% 26% 2.027 $0.1, NS
LAT52:SEC3a KRKR/A line 3+/2

Pollen recipient: Col-0
Pollen source: sec3a-1+/2/ 93 68% 32% 0.048 #0.5, NS
LAT52:GFP-SEC3a KRKR/A line 4+/2

Pollen recipient: Col-0
Pollen source: sec3a-1+/2/ 182 78% 22% 10.571 #0.001*
LAT52:SEC3a-DN line 2+/2

Pollen recipient: Col-0
Pollen source: sec3a-1+/2/ 127 87% 13% 22.763 #0.001*
LAT52:GFP-SEC3a-DN line 3+/2

Pollen recipient: Col-0
Expected 66.6% 33.3%
Pollen source: Col-0 188 52% 48% 0.340 .0.5, NS
Pollen recipient: sec3a-1+/2/
LAT52:SEC3a line2+/2

Pollen source: Col-0 112 51% 49% 0.036 .0.8, NS
Pollen recipient: sec3a-1+/2/
LAT52:GFP-SEC3a line1+/2

Expected 50% 50%
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pollen tube growth. To this end, sec3a-1+/2 heterozygous
plants were crossed into the quartet1 (qrt1) mutant back-
ground. In qrt1, the four meiotic products of the pollen
mother cell are fused, and pollen grains are released as
tetrads (Preuss et al., 1994). Heterozygous sec3a-1 tetrads
(sec3a-1+/2/qrt2/2) showed a 2:2 ratio of normal to affected
pollen and allowed direct examination of the mutant
phenotype. When the qrt1 pollen was germinated in vitro,
approximately 60% of all tetrads (n = 1,529) had three to
four pollen grains with germinated long pollen tubes. In
sec3a-1 heterozygous tetrads (n = 1,769), only one or two
cells formed pollen tubes, and the other cells either did not
germinate or produced small protrusions that did not
elongate (Fig. 2A).
To further confirm that male transmission defects in

sec3a-1+/2 plants were associated with pollen tube
growth, in situ germination experiments were per-
formed. Pollen from sec3a-1+/2/qrt2/2 (n = 73) and qrt2/2

(n = 58) plants were used to pollinate wild-type Col-0
stigma, and 24 h after germination, the plants were
stainedwithAniline Blue, which stains the callose in the
pollen tube cell wall. As expected from the in vitro
germination experiments, 72 of 73 sec3a-1 heterozygous
tetrads germinated only one to two pollen tubes, com-
pared with more than 50% of tetrads with three to four
pollen tubes in qrt1 (Fig. 2B).
To test whether the loss of SEC3a function does affect

early stages of microspore and pollen development,
nuclei of mature tetrads were stained with 49,6-
diamidino-2-phenylindole (DAPI). One vegetative nu-
cleus and two sperm cell nuclei were detected in each
pollen grain of qrt2/2 and qrt2/2/sec3a-1+/2 tetrads, indi-
cating that the loss of SEC3a function does not affect mi-
tosis during male gametogenesis (Supplemental Fig. S4).

Collectively, our results indicate that, similar to other
exocyst complex subunits, SEC3a function is required
for the proper germination of pollen grains and sub-
sequent pollen tube growth.

SEC3a Polar Localization at the Tip Is Dynamic and
Predicts the Growth Direction in the Arabidopsis
Pollen Tube

Given that mutation in the SEC3a gene led to pollen
transmission defects and that the GFP-SEC3a fusion
protein complemented the mutant phenotype, we next
focused on the localization of SEC3a in Arabidopsis
pollen tubes. In transgenic plants expressing LAT52:
GFP-SEC3a, enrichment of the GFP-SEC3a signal was
detected at the apical region of growing pollen tubes
(Fig. 3A). Imaging of a middle section of the pollen tube
apex with the pinhole set to 1 Airy unit revealed the
presence of a polar fraction of GFP-SEC3a localized to
the tip appearing as thin lines at or near the PM (Fig.
3B). Conversion of the GFP signal to a range of inten-
sities uncovered that GFP-SEC3a also forms a subapical
inverted cone (Fig. 3C). Next, we utilized time-lapse
imaging to follow the dynamics of GFP-SEC3a polar
localization in elongating Arabidopsis pollen tubes.
Under our experimental conditions, pollen tubes elon-
gated with a rate of 3.5 to 4 mmmin21 and occasionally
changed the direction of growth, suggesting a correla-
tion between GFP-SEC3a localization and the direction
of pollen tube growth. In elongating pollen tubes, the
polar fraction of GFP-SEC3a close to the tip PM was
highly dynamic and shifted its position toward the fu-
ture growth axis before visible changes in the direction

Figure 2. Tetrad analysis of sec3a-1 heterozy-
gotes. A, In vitro-germinated tetrads from self-
crosses of qrt12/2 and qrt12/2/sec3a-1+/2 plants.
The chart shows the percentage from total
quartets with the indicated number of germi-
nated pollen grains in each tetrad (between zero
and four) compared with the total tetrads scored
for each genotype. Numbers above the bars
represent actual numbers of tetrads that were
counted. B, Aniline Blue staining of wild-type
stigma 24 h after pollination with either qrt12/2

or qrt12/2/sec3a-1+/2 tetrads. Asterisks mark
germinated pollen grains in tetrads as revealed
by the staining. The chart shows in vivo germi-
nation analysis of qrt12/2 and qrt12/2/sec3a-1+/2

tetrads germinated on Col-0 stigma. The number
of pollen tubes producing cells in each quartet
(between one and four) was counted using Ani-
line Blue staining. Bars = 50 mm.
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Figure 3. Localization of GFP-SEC3a in growing Arabidopsis pollen tubes. A, In vitro-germinated Arabidopsis pollen stably
expressing LAT52:GFP-SEC3a. B, Apex of the LAT52:GFP-SEC3a pollen tube. The arrowheadmarks themembrane localization at
the tip. C, The same apex shown in B with GFP signal converted into an intensity scale. D, A nongrowing pollen tube stably
expressing LAT52:GFP-SEC3a. Note the absence of the protein from the tip. E, Selected time-lapse images showing the locali-
zation of GFP-SEC3a in a growing pollen tube. Note that apical localization of GFP-SEC3a is dynamic and the protein accu-
mulates at the future direction of tube growth (arrowhead). The arrow represents the direction of growth as predicted by
GFP-SEC3a localization. F, Localization of GFP-SEC3a in a nongrowing pollen tube. The intensity of the GFP signal decreases
with time due to highmagnification and frequent imaging, and the last frame (210 s) shows the final direction of tube growth after
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of pollen tube elongation were detected (Fig. 3E;
Supplemental Movies S1 and S2). The frequent frame
acquisition used for imaging caused photobleaching of
the GFP signal; thus, the last 1.5 min of the time-lapse
series highlight primarily the direction of pollen tube
elongation. In nonelongating pollen tubes, the GFP-
SEC3a signal at the pollen tube apex and tip was re-
duced (Fig. 3D). Furthermore, no polar accumulation of
GFP-SEC3a was detected at the tip, and the signal was
distributed evenly on the tube PM apex and flanks (Fig.
3F). Time-lapse imaging revealed that, in nongrowing
pollen, the GFP-SEC3a signal on the PM was less dy-
namic and maintained its location at the flanks (Fig. 3F;
Supplemental Movie S3).
To compare these dynamics to those of another exo-

cyst core subunit, we visualized PSEC8:GFP-SEC8
(Fendrych et al., 2010) in Arabidopsis pollen tubes and
observed essentially identical localization and dynam-
ics as for SEC3a (Fig. 3G). From these results, we can
conclude that pollen tube elongation is characterized by
the presence of a mobile polar GFP-SEC3a fraction at
the tip that likely marks the sites of exocytic vesicle
fusion with the PM and defines the direction of the
growth axis.

GFP-SEC3a Tip Accumulation Correlates Directly with the
Deposition of PI-Labeled Cell Wall Pectins

To further study the function of SEC3a, we examined
its localization relative to PI, which labels esterified
pectins in pollen cell walls (Rounds et al., 2014) and has
been used previously as a marker for exocytosis in the
pollen tube (McKenna et al., 2009). PI was applied to
growing pollen at a concentration of 10 mM, and imag-
ing was performed immediately, since under our ex-
perimental conditions, pollen tube elongation was
inhibited 3 to 5 min after the addition of the dye. In
agreement with published data, we observed the
strongest PI labeling at the pollen tube tip (Fig. 4A). The
GFP-SEC3a signal was observed at the tip PM exactly
below the strongest PI staining (Fig. 4B). During pollen
tube growth, the pattern of high-PI fluorescence at the
tip was maintained, and GFP-SEC3a signal decorated
the adjacent plasmamembrane (Fig. 4C). We noted that
the strongest PI fluorescence at the tip was associated
with thicker cell walls at this region compared with the
flanks (Fig. 4D), indicating a massive secretion of cell
wall material at this location. The direct correlation
between PI and GFP-SEC3a signals strongly suggests
that the exocyst directs secretory vesicles with essential
cell wall components, such as pectins, to the sites of
polar exocytosis.

GFP-SEC3a Tip Accumulation Is Correlated Inversely with
the PM and Endocytic Vesicle Labeling

Next, we focused on the distribution of GFP-SEC3a
compared with recycling/endocytic vesicles. For the
visualization of PM and endocytic vesicles, the FM4-64
dye was applied to pollen at a concentration of 1 mM.
Under these experimental conditions, FM4-64 did not
affect the elongation of pollen tubes (around 4 mm
min21 in 13 out of 16 examined pollen tubes), allowing
the observation of early stages of FM4-64 labeling.
FM4-64 fluorescence reached levels compatible with
imaging 3 to 5 min after the addition of the dye. Ini-
tially, the staining was detected in the shank and was
significantly weaker at the tip PM, while the typical
inverted cone of FM4-64-labeled vesicles was not yet
observed (Fig. 5A). Importantly, weak tip labeling by
FM4-64 was correlated inversely with the accumula-
tion of GFP-SEC3a at the tip and was maintained
during pollen tube growth (Fig. 5, B and C). The same
pattern of FM4-64 fluorescence was observed follow-
ing the labeling of wild-type Col-0 nontransgenic
pollen tubes (Supplemental Fig. S5), indicating that the
low FM4-64 fluorescence at the tip was not due to
quenching by GFP-SEC3a. This FM4-64 labeling pat-
tern could be explained by very fast endocytosis at the
tip or, more likely, by dilution of the tip membrane by
extensive exocytosis, resulting in FM4-64-labeled
plasma membrane being pushed away from the tip
to the shank. Under our experimental conditions, the
typical inverted cone of FM4-64-labeled vesicles was
observed 20 to 30 min after application of the dye.
However, the distribution of highest FM4-64 and GFP-
SEC3A intensities in the inverted cone area was spa-
tially separated (Fig. 5D; compare the intensity range
distribution of GFP and FM4-64). The PM at the tip
was characterized by a region with low FM4-64 and
high GFP-SEC3a signals, both oriented toward the
growing direction of the tube, further supporting the
extensive exocytosis of de novo-delivered vesicles at
this region (Fig. 5, E and F). Importantly, in non-
growing pollen tubes, FM4-64 effectively labeled tip
PM (Supplemental Fig. S6). Taken together, these re-
sults suggested that the FM4-64-labeled inverted cone
consisted mostly of recycling vesicles and was par-
tially separable from the site of exocyst-dependent
exocytosis.

Together, the data in Figures 4 and 5 and Supplemental
Movies S1 and S2 implicate SEC3a as a bona fide marker
for polarized exocytosis in Arabidopsis pollen tubes and
suggest that the deposition of cell wall and membrane
material is guided by the exocyst complex and is likely
partially separable from vesicle recycling at the tip.

Figure 3. (Continued.)
3.5min.Note the cone-shape accumulation of fluorescent signals in growing pollen tubes and their absence in nongrowing tubes.
G, Time-lapse images showing the localization of GFP-SEC8 in a growing pollen tube of an in vitro-germinated Arabidopsis
pollen, stably expressing PSEC8:GFP-SEC8 in a sec8-1mutant background. In A, C, and D to G, GFP fluorescence is represented
as an intensity color scale. Bars = 10 mm in A and D and 5 mm in B, C, and E to G.
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Partially Complemented sec3a-1 Pollen Develop
Multiple Tips

To further study the function and localization of
SEC3a in pollen development, we examined the phe-
notype of sec3a-1 mutant pollen complemented with
GFP-SEC3a (Fig. 6). As expected from the self-crosses
and reciprocal crosses displaying complementation of
the male transmission of sec3a-1 (Table I; Supplemental
Tables S1 and S2), normal-looking pollen tubes were
observed in which GFP-SEC3 was localized at the tip
(Fig. 6, A and B). However, the growth rate of the
sec3a-1;GFP-SEC3a pollen tubes was around 1.5 mm
min21 (n = 7) compared with 3.5 to 4 mm min21 for

wild-type Col-0/GFP-SEC3a pollen tubes. Interest-
ingly, in some pollen grains, multiple tips germinated
from more than one germination pore, indicating that
SEC3a is required to determine the pollen tube ger-
mination site. Similar to its distribution in wild-type
Col-0, in elongating sec3a-1 pollen tubes, GFP-SEC3a
accumulated at the apical tip and was spatially sepa-
rable from FM4-64-labeled PM (Fig. 6, C and D).

In the multiple-tip sec3a-1/GFP-SEC3a complemented
pollen, one pollen tube continues growing while the
other(s) arrests. Likely, the overexpression of GFP-SEC3
is able to induce multiple germination pore activa-
tion but is unable to maintain the multiple tip growth,

Figure 4. Labeling of GFP-SEC3a Arabidopsis pollen tubes with PI. GFP-SEC3a Arabidopsis pollen tubes were stainedwith 10mM

PI. A, Apex of a pollen tube showing the localization of GFP-SEC3a and PI with intensity scale for each channel. Asterisks mark
positions on the intensity plot in B. B, Intensity plot of GFP and PI signals across the plasma membrane/cell wall of pollen apex
(including flanks). Asterisks mark positions on the corresponding image in A. C, Time-lapse images of a growing pollen tube. Note
that GFP-SEC3a decorates the PM beneath the strongest PI signal at the tip. D, Enlarged images of the pollen tip showing thick cell
wall at the tip (arrowheads) and GFP-SEC3a signal decorating the PM at this region. a.u., Arbitrary units. Bars = 5 mm.
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resulting in only one growing tip. This feature allowed
us to further characterize the function of SEC3a in
pollen tube growth and correlate it with the secretion of
esterified pectins. LM19 and LM20 are monoclonal
antibodies that recognize deesterified and methyl-
esterified homogalacturonans (pectins), respectively

(Verhertbruggen et al., 2009). In wild-type Col-0, LM19-
labeled deesterified pectins were detected from the
early stages of pollen germination at the emerging bud
and in elongated pollen tubes at the tip and along the
shank (Fig. 6E). In sec3a-1/GFP-SEC3 multiple-tip pol-
len, deesterified pectins were observed both in the

Figure 5. Labeling of GFP-SEC3a Arabidopsis pollen tubes with FM4-64. GFP-SEC3a Arabidopsis pollen tubes were labeledwith
1 mM FM4-64 for 3 min (A–C) or 20 min (D–F) and then subjected to imaging. A and D, Apex of the pollen tube showing the
localization of GFP-SEC3a and FM4-64 with intensity scale for each channel. Asterisks mark positions on the intensity plots in B
and E. The arrowhead in D points to the region with high GFP-SEC3a and low FM4-64 signals. B and E, Intensity plots of GFPand
FM4-64 signal across the PM of the pollen apex (including flanks). Asterisks mark positions on the corresponding images in A and
D. C and F, Time-lapse images showing the localization of GFP-SEC3a and FM4-64 in growing pollen tubes. In F, the white arrows
mark the direction of pollen tube elongation as predicted from tip geometry, and the yellow arrow indicates the actual
growth direction.Note that the position of highGFPand low FM4-64 signals correlateswith growth direction. a.u., Arbitrary units.
Bars = 5 mm.
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Figure 6. Expression of GFP-SEC3a in the sec3a-1 homozygous background results in the development of pollen with multiple
tips. A, Germinating sec3a-1 pollen expressingGFP-SEC3a. The multiple tips are marked by numbers. B, In pollen tubes with one
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growing and in the arrested tubes (Fig. 6F). In agree-
ment with published results on tobacco and Arabi-
dopsis pollen tubes (Chebli et al., 2012; Leroux et al.,
2015), the LM20-labeled esterified pectins were ob-
served only at the tip of elongating pollen tubes and at
the bud of germinating pollen, where they are secreted
(Fig. 6G). Significantly, in sec3a-1/GFP-SEC3a pollen,
the esterified pectins were observed only at the tip of
the growing pollen tubes but not in the arrested pollen
tubes (Fig. 6H). Taken together, the results in Figure 6, F
and H, indicated that esterified pectins are actively se-
creted only in the growing tube of sec3a-1/GFP-SEC3a,
while the arrested tube only contains pectins that have
been deesterified.
Unfortunately, GFP-SEC3a signal at the tip PM was

lost following the fixation and labeling of cell wall ep-
itopes; in addition, the protocol is not compatible with
antibody labeling of intracellular proteins. As an alter-
native, we examined the localization of GFP-SEC3a at
the growing and arrested pollen tubes at high resolu-
tion. In all pollen that were examined (n = 10), the
typical GFP-SEC3a tip-focused PM fraction was detec-
ted only at the tip of the growing tube, while no tip-
focused PM fraction was detected in the arrested pollen
tubes (Fig. 6I; Supplemental Movies S4 and S5). These
data indicated that there is strong positive correlation
between the localization of GFP-SEC3a at the tip of
growing pollen tubes and the secretion of esterified
pectins and further established GFP-SEC3a as an in-
tracellular marker for exocytosis.

Plasma Membrane Localization of SEC3a in Tobacco
Pollen Tube Requires an Intact N-Terminal PH Domain

The transient expression of fluorescent proteins in
tobacco pollen tubes is a commonly used model system
for studying the localization of polarity determinants,
due to the larger diameter and well-defined zonation of
the pollen tube apex compared with Arabidopsis.
LAT52:YFP-SEC3a and LAT52:SEC3a-YFP fusion pro-
teins were transiently expressed in tobacco pollen
tubes. Interestingly, the distribution of SEC3a in to-
bacco pollen partially differed from that observed in
Arabidopsis and depended on the mode of cell elon-
gation. In pollen tubes showing steady nonoscillatory
growth, both YFP-SEC3a and SEC3a-YFP showed

cytoplasmic localization with enhanced fluorescence
at the PM in the subapical region, with maximum
signal located 2 to 7 mm behind the apex (Fig. 7A;
Supplemental Fig. S7). It is unlikely that this localiza-
tion was due to the heterologous nature of Arabidopsis
SEC3a in tobacco pollen, since the tobacco SEC3a ho-
molog localized to the same region (Supplemental Fig.
S7). During steady growth, the localization of the full-
length SEC3a remained essentially subapical, although
some periodic changes in signal intensity could be ob-
served (Fig. 7, B and D). In contrast, the localization of
SEC3a in oscillating tobacco pollen tubes also showed
an oscillatory behavior, alternating between cytoplasm
and apical plasma membrane (Fig. 7, A and C). Ky-
mograph analysis suggested that a period of fast elon-
gation was associated with the accumulation of SEC3a
in the cell apex, which was followed by a temporal
growth arrest and concomitant dissociation of SEC3a
from the membrane (Fig. 7E). In nongrowing tobacco
pollen tubes, SEC3a was distributed evenly along the
apex and subapical regions (Supplemental Fig. S7).

It has been demonstrated that the N-terminal domain
of the yeast Sec3p, consisting of amino acids 1 to 320,
interacts with PIP2 (Zhang et al., 2008). Additional
studies showed that the 75 to 248 domain of yeast Sec3p
folds into a PIP2-binding PH domain (Baek et al., 2010;
Yamashita et al., 2010). To get an evolutionary insight
into SEC3 function, we identified SEC3 homologs in
diverse eukaryotic species. Although the general se-
quence identity between SEC3 homologs is rather
low, we found that most of them contain a region cor-
responding to the PH domain. Calculation of the
phylogenetic relationship between SEC3 amino acid
sequences, based on either the SEC3 domain or the
PH domain, showed that the distribution of SEC3
mostly follows organismal evolution (Supplemental
Fig. S8). Supplemental Figure S9 shows an alignment of
N-terminal regions corresponding to the PH domain of
selected SEC3 proteins. We then fused the N-terminal
180-amino acid domain of Sec3a (SEC3a-N; the region
corresponding to the yeast PH domain) to YFP and
used it for transient expression in tobacco pollen tubes.
YFP-SEC3a-N exhibited the same subapical localization
pattern that was observed for the full-length protein in
steady-state growing cells (Fig. 7, F and G). Interest-
ingly, YFP-SEC3a-N and SEC3a-N-YFP showed an
even stronger association with the plasma membrane

Figure 6. (Continued.)
tip,GFP-SEC3a concentrates at the apex (GFP fluorescence is shown as an intensity color scale). C, Selected time-lapse images of
sec3a-1/GFP-SEC3a pollen labeled with 1 mM FM4-64 for 20 min. Note that GFP-SECa effectively accumulates at the apical
plasma membrane. D, Intensity plot of GFP and FM4-64 signal across the PM of pollen apex (including flanks). Asterisks mark
positions on the corresponding image in C. E to H, Immunolabeling of deesterified pectins (E and F) and esterified pectins (G and
H) with LM19 and LM20 monoclonal antibodies, respectively. E and G, Nontransgenic Col-0 pollen. F and H, sec3a-1/GFP-
SEC3a pollen. The white rectangles in E and G highlight the enlarged regions shown in the middle image of each panel. The black
arrows highlight germinated pollen tubes in F and the actively growing pollen tubes in H. The yellow arrows in H highlight the
arrested small pollen tubes. I, Localization of GFP-SEC3a in multiple-tip sec3a-1/GFP-SEC3a pollen. The white arrow denotes the
growing pollen tube, and the yellow arrow indicates the arrested pollen tube. See also Supplemental Movies S4 and S5. a.u.,
Arbitrary units. Bars = 20 mm in A, B, E, and G, 10 mm in F, H, and I, and 5 mm in C.
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than the full-length protein (Fig. 7F; Supplemental
Fig. S7).

Since the canonical role of PH domains is the inter-
action with membrane phosphatidylphosphoinositides
(PPIs), we next tested whether SEC3a-N localization
corresponds to the distribution of PIP2 in the PM.
The PIP2 marker mRFP1-PHPLCd1 (Helling et al., 2006)
localized to the PM with enhanced fluorescence at the
subapical region of the pollen tube apex. YFP-SEC3a-N

colocalized with mRFP1-PHPLCd1 at the pollen tube
apex, suggesting that its localization involves an asso-
ciation with PIP2 (Fig. 7J). This experiment suggested
that the N-terminal part of SEC3a is able to bind sig-
naling phospholipids. Interestingly, the overexpression
of full-length SEC3a or SEC3a-N in pollen tubes caused
a marked reduction of growth rate, induced the swell-
ing of pollen tube tips, and was associated with a
nondynamic distribution of fluorescence along the

Figure 7. TheN-terminal PH domain of
Arabidopsis SEC3a colocalizes with
PIP2 and is responsible for the locali-
zation of SEC3a at the plasma mem-
brane in tobacco pollen tubes. A,
Localization of full-length YFP-SEC3a
transiently expressed in tobacco pollen
tubes under the control of the LAT52
promoter. B and C, Selected time-lapse
images showing the localization of
LAT52:YFP-SEC3a in steady-growing
(B) and oscillating (C) pollen tubes. D
and E, Kymograph analysis of growth
and apical YFP-SEC3a fluorescence in
steady-growing (D) and oscillating (E)
pollen tubes. Arrowheads in C and E
point to dynamic apical localization of
SEC3a in oscillating pollen tubes. F and
G, Localization (F) and kymograph
analysis (G) of the SEC3a N-terminal
domain (LAT52:YFP-SEC3a-N). H and
I, Localization (H) and kymograph
analysis (I) of SEC3a lacking itsN-terminal
domain (LAT52:YFP-SEC3a-DN ). J,
Colocalization of YFP-SEC3a-N with
the PIP2 marker mRFP1-PHPLCd1. In A to
I, YFP fluorescence is represented as an
intensity color scale. PLC, Phospholi-
pase C. Bars = 5 mm.
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pollen tube tip and shank (Supplemental Fig. S7), sim-
ilar to nongrowing tobacco and Arabidopsis tubes. To
further examine whether the SEC3a N-terminal domain
is involved in membrane localization, we transformed
tobacco pollen tubes with truncated SEC3a lacking the
N terminus (i.e. region 181–887; SEC3a-DN). In agree-
ment with the colocalization of SEC3a-N with PHPLCd1,
both YFP-SEC3a-DN and SEC3a-DN-YFP localized
only to the cytoplasm (Fig. 7, H and I; Supplemental
Fig. S7).

The Combination of Biochemical Approaches and
Structural Modeling Reveal That SEC3a-N Specifically
Binds Membrane Phosphoinositides

Given the fact that, despite their low sequence iden-
tity, PH domains form a similar fold with a core
consisting of seven antiparallel b-strands capped by a
terminal a-helix (Lemmon, 2008), we modeled a struc-
ture of Arabidopsis SEC3a-N using the template-based
approach with crystalized yeast Sec3p-N (3A58;
Yamashita et al., 2010) as a template. The resulting
model was energetically relaxed by short all-atom
molecular dynamics (MD) simulation (30 ns). The fi-
nal model of SEC3a-N (Fig. 8A) had a ProSA score of2
4.92 (Wiederstein and Sippl, 2007), which is comparable
to the template score (25.43), thus implying that, de-
spite the low primary sequence identity, our computed
model is valid.

To confirm that SEC3a-N directly binds PIP2, we
fused it to glutathione S-transferase (GST-SEC3a-N)
and expressed it in Escherichia coli. The purified re-
combinant GST-SEC3a-N was used in two widely ap-
plied in vitro lipid-binding experiments: the large
unilamellar vesicle cosedimentation assay and the
protein-lipid overlay assay. In large unilamellar vesicle
cosedimentation assays, GST-SEC3a-N bound to large
unilamellar vesicles containing 5% PIP2 in phosphati-
dylcholine (PC) but not to vesicles containing only PC
(Fig. 8B). In agreement, GST-SEC3a-N bound several
PPIs, including PIP2, in protein-lipid overlay assays
(Fig. 8D).

To further test the binding modes of PIP2 by
SEC3a-N, we used coarse-grained MD with the MAR-
TINI force field (Marrink et al., 2007; Monticelli et al.,
2008) and simulated the self-assembly of a lipid bilayer
in the presence of themodeled structure of the SEC3a-N
domain, as this approach was shown to be advanta-
geous for the characterization of peripheral membrane
protein dynamics (Pleskot et al., 2012). The simulation
box contained the SEC3a PH domain, 256 lipids, water,
and ions. In total, we performed 16-ms-long simulations

Figure 8. SEC3a-N binds phosphoinositides via four positively charged
residues that mediate its association with the plasma membrane in
tobacco pollen tubes. A, Comparison of the final relaxed SEC3a-N
homology model (At) with the yeast template structure (Sc). B, Lipo-
some-binding assay of GST-SEC3a-N. PIP2 binding was determined
using 200-nm vesicles containing 5% PIP2:95% PC or PC alone. After
incubation of GST-SEC3a-N with the vesicles, they were recovered by
ultracentrifugation, and protein bound (Pel) was analyzed by SDS-
PAGE. As a negative control, GSTalonewas used. Representative results
from three independent experiments are shown. Sup, Supernatant. C,
Analysis of MD simulations displaying polar contacts of SEC3a-Nwith a
PIP2 molecule. The bars represent average numbers of polar contacts
through the last 8 ms of the simulation. Polar contacts were defined as
the number of PIP2 head group atoms within 8 Å of protein atoms. The
inset image represents a coarse-grained model of SEC3a-N coordinat-
ing the PIP2 molecule. The interacting residues are highlighted. D,
Lipid-binding properties of wild-type GST-SEC3a-N and mutated GST-
SEC3a-N KRKR/A recombinant proteins, as determined using a protein-
lipid overlay assay. DAG, Diacylglycerol; PA, phosphatidic acid; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI4P, phosphati-
dylinositol 4-phosphate; PI4,5P2, phosphatidylinositol 4,5-bisphosphate;

PI3,4,5P3, phosphatidylinositol 3,4,5-trisphosphate; PS, phosphatidyl-
serine; TAG, triacylglycerol. E, Localization of wild-type YFP-SEC3a-N
and the mutated variant YFP-SEC3a-N KRKR/A in tobacco pollen
tubes. YFP fluorescence is represented as an intensity color scale.
Bars = 5 mm.
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for each system. We observed that, in simulations with
one PIP2 molecule in the PC bilayer, the Arabidopsis
SEC3a PH domain was targeted rapidly to the mem-
brane and remained bound to PIP2, showing that the
systemwas in equilibrium. In contrast, in a systemwith
a PC-only membrane, SEC3a-Nwas never bound to the
bilayer and remained in the virtual cytoplasm. Analysis
of amino acid residues interacting with the PIP2 mole-
cule, as revealed by the coarse-grained MD simulation,
showed that the PIP2 molecule was coordinated by
several positively charged amino acid residues located
between loops b1/b2 and b3/b4, namely Lys-34, Arg-
36, Lys-51, Arg-53, and Lys-74 (Fig. 8C).

To test the importance of positively charged resi-
dues for PIP2 binding, we generated a mutated GST-
SEC3a-N, where the residues with the greatest number
of polar contacts with the PIP2 molecule, namely Lys-
34, Arg-36, Lys-51, and Arg-53 (Fig. 8C), were changed
to Ala. The resulting GST-SEC3a-N KRKR/A mutant
did not interact with PIPs in vitro (Fig. 8D). Moreover,
the YFP-SEC3a-N KRKR/A mutant completely lost
the ability to bind the plasma membrane following
transient expression in tobacco pollen tubes (Fig. 8E).
Interestingly, the overexpressionofmutatedYFP-SEC3a-N
never induced the depolarization of the pollen tube tip
caused bywild-typeYFP-SEC3a-N (Supplemental Fig. S7).
These results indicated that theN-terminal regionof SEC3a
contains a functional PIP2-binding domain capable of in-
teraction with the PM and suggested that binding to PIP2
might have an important role in subapical shank locali-
zation of SEC3a.

The N-Terminal PH Domain Is Not Essential for SEC3a
Function and Localization in Arabidopsis Pollen

Next we employed genetic analysis to examine the
importance of the N-terminal PH domain for SEC3a
function. To this end, we complemented the sec3a-
1 mutant with LAT52:SEC3a-ΔN, which lacks the first
180 amino acids, and with LAT52:SEC3a KRKR/A.
Successful complementation of male transmission de-
fects associated with the sec3a-1 allele was observed in
several independent lines expressing LAT52:SEC3a-ΔN,
LAT52:GFP-SEC3a-ΔN, LAT52:SEC3a KRKR/A, and
LAT52:GFP-SEC3a KRKR/A (Supplemental Table S4).
The ability of SEC3a-ΔN, GFP-SEC3a-ΔN, SEC3a KRKR/
A, and GFP-SEC3a KRKR/A to complement the male
transmission defect of the sec3a-1+/2 mutant indicates
that the SEC3a N-terminal domain and a functional PH
domain are not absolutely required for SEC3a function
in Arabidopsis. To address whether the PM association
of the N-terminal SEC3a mutants was affected, we an-
alyzed the localization of GFP-SEC3a KRKR/A and
GFP-SEC3a-ΔN stably expressed in Arabidopsis trans-
genic pollen tubes. Both mutants exhibited enrichment
of the GFP signal at the pollen tube apex similar to GFP-
SEC3a (Fig. 9, A–C). Moreover, time-lapse imaging
revealed that, similar to wild-type GFP-SEC3a, the
GFP-SEC3a KRKR/A and GFP-SEC3a-ΔN mutants

are highly dynamic and decorate the PM at the pollen
tube tip (Fig. 9D; Supplemental Movies S6–S9).
Hence, the localization and function of SEC3a in Ara-
bidopsis pollen tubes can take place independently of
PIP2 binding.

DISCUSSION

SEC3a Is Essential for Exocyst Function in Pollen Tube
Germination Growth

A plant SEC3 mutant was first identified in maize
and designated rth1 based on the compromised root
hair elongation (Wen and Schnable, 1994; Wen et al.,
2005). Interestingly, themaize rth1mutant also displays
dwarf stature and does not produce seeds. While ce-
reals feature two distinct SEC3 subclasses, Arabidopsis
and other dicot plants harbor a single class of SEC3
subunits, which duplicated independently in most
known cases (Supplemental Fig. S8; Cvr�cková et al.,
2012). Here, we show that, in Arabidopsis, the loss of
only one of these duplicated paralogs, SEC3a, results
in a complete male gametophyte transmission defect,
as was shown previously for sec8, sec6, sec15a, and
sec5a/sec5b single and double mutants (Cole et al., 2005;
Hála et al., 2008). The T-DNA insert in sec3a-1 is
mapped to the last exon, 52 bp upstream of the stop
codon. The absence of endogenous SEC3a mRNA in
sec3a-12/2/LAT52:SEC3a plants indicates that sec3a-1 is
a null allele. In the Arabidopsis genome, gene dupli-
cations often are associated with divergences in the
expression pattern of the paralogs and are indicative of
regulatory subfunctionalization or neofunctionalization
(Liu et al., 2011), which might be the case for SEC3a and
SEC3b. The low expression levels of SEC3b in germi-
nating pollen and the lack of an obvious phenotype in
sec3b-1 homozygotes, together with the compromised
pollen tube growth of sec3a-1 plants, indicate that SEC3a
is the main paralog responsible for SEC3 function in
Arabidopsis pollen germination and growth.

An Arabidopsis SEC3a loss-of-function mutant, car-
rying a SALK T-DNA insertion in the first intron of the
SEC3a paralog, was shown to display developmental
abnormalities resulting in embryonic lethality but no
pollen tube growth defects (Zhang et al., 2013).We have
examined the same SALK T-DNA line (SALK_145185)
described by Zhang et al. (2013) using PCR and se-
quencing and were unable to detect a T-DNA insert in
the SEC3a gene. According to our sequencing analysis,
the SEC3a gene is intact in the SALK_145185 line. Un-
fortunately, only primers for amplifying the cDNAs of
exocyst subunits were described in Supplemental Table
S1 in the article by Zhang et al. (2013), and a description
of the primers used for genotyping of the SALK_145185
line is missing. The primers listed for SEC3a are not
specific and would amplify SEC3b as well. Further-
more, the first intron of SEC3a contains a tandem re-
peat; as a result, the flanking sequence reported for
SALK_145185 is partially similar to two other regions in
the SEC3a first intron. Therefore, it appears that the
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information on the genotyping of SALK_145185 pro-
vided by Zhang et al. (2013) is insufficient.
We have characterized a different allele of sec3a from

a differentmutant collection (GABI-KAT). Based on our
genetic, molecular, and phenotypic analyses, the com-
plementation of the male transmission and pollen tube
growth defects by either SEC3a or GFP-SEC3a, and the
similarity to other exocyst subunit mutants, it is un-
clear how themale transmission defect in sec3a-1 could
be overcome to result in a homozygous sporophytic
null mutant. Loss-of-function mutants in different
exocyst subunits (except subunits with a large number
of homologs, like EXO70) produce the same pollen
transmission defects, implicating the exocyst complex
in pollen germination and pollen tube growth. Our
data also rule out a redundant function of SEC3b
(Supplemental Fig. S3).
Interestingly, mutations in all exocyst subunits tested

to date (Cole et al., 2005; Hála et al., 2008), including the
sec3a-1 mutant, are not associated with transmission
defects through the female gametophyte, suggesting
that the exocyst is not essential for its development or
that the sporophytic exocyst survives through female
meiosis and megaspore development. Similar to the
severe sec8 mutant alleles, sec3a-1 has absolute male
transmission defects, while the early stages of pollen
development are not affected by the mutations (Cole
et al., 2005). Tetrad analysis of several exocyst mutants,
including sec8, showed that short, aberrant pollen tubes
are formed at low frequencies in vitro (Hála et al., 2008).
Interestingly, in sec3a-1 tetrads, the frequencies of

germinated pollen, both in vitro and in vivo, were sig-
nificantly lower, indicating an interesting difference in
the requirement of exocyst subunits in early pollen
grain activation/germination and growth. Similar dif-
ferential functions of exocyst subunits also are known
in yeast (Wiederkehr et al., 2004) and in the fruit fly
(Jafar-Nejad et al., 2005; Mehta et al., 2005).

Polar Localization of SEC3a in Arabidopsis and Tobacco
Pollen Tubes

The apex of a growing pollen tube is characterized by
the presence of numerous vesicles that form an inverted
cone-shaped structure beneath the apical PM and de-
liver essential cell wall and membrane components to
the growing tip (Hepler and Winship, 2015). Localiza-
tion of GFP-SEC3a to the tip PM in Arabidopsis pollen
tubes suggests its function as a landmark for secretory
vesicles and supports its role in polarized exocytosis. In
agreement, immunolocalization studies with fixed
pollen tubes showed SEC6, SEC8, and EXO70A1 signal
maxima at the membrane and in the tip inverted cone
area (Hála et al., 2008). Similar distributions were ob-
served for other proteins in the pollen tube, including
the putative exocyst regulators Rab and ROP GTPases
(Cheung and Wu, 2008; Guan et al., 2013). In this re-
spect, our observations and conclusions also are dif-
ferent from the conclusions recently published by
Zhang et al. (2013), who stated that SEC3a is not in-
volved in polarized secretion in root hairs. As pollen

Figure 9. The N-terminal PH domain of SEC3a is not
required for its accumulation at the tip of growing
Arabidopsis pollen tubes. A to C, In vitro-germinated
Arabidopsis pollen tubes stably expressing GFP-
SEC3a (A) GFP-SEC3a KRKR/A (B), and GFP-SEC3-DN
(C) under the regulation of the LAT52 promoter. D,
Selected time-lapse images of growing GFP-SEC3a,
GFP-SEC3a KRKR/A, and GFP-SEC3a-DNArabidopsis
pollen tubes. GFP fluorescence is represented as an
intensity color scale. Bars = 10 mm in A to C and 5 mm
in D.
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tubes elongate at an extremely fast rate, it is obvious
that the delivery of exocytotic vesicles to the tip must be
not only focused and efficient but also flexible, to allow
fluctuations in the direction of the growth axis during
elongation. A dynamic and tip-focused localization of
GFP-SEC3awith amaximum that predicts the direction
of tube elongation is thus in agreement with the pro-
posed role of SEC3a as a landmark for polarized exo-
cytosis (Fig. 10A). Our analysis of nonelongating pollen
tubes suggests that a focused and dynamic, rather than
a stable, association of SEC3a with the PM is essential
for effective elongation of the pollen tube apex. The
dynamic localization of SEC3a puncta and their tran-
sient association with the tip PM are similar to those of
other exocyst subunits at the lateral domain of root
epidermis visualized by variable-angle epifluorescence
microscopy (Fendrych et al., 2010).

It was shown previously that exocytosis and cell wall
thickening oscillate and precede the increase in growth
rate in oscillating pollen tubes (McKenna et al., 2009).
Because pectins make up the bulk of the secreted ma-
terial at the pollen tube tip, the correlation between the
localization of high-PI signal at the tip, the localized
labeling of esterified pectins by the LM20 monoclonal
antibodies, and the decoration of the PM byGFP-SEC3a

suggests that the exocyst is involved in the polarized
secretion of cell wall pectins (Fig. 10A). The analysis of
the multiple-tip sec3a-1/GFP-SEC3a complemented
pollen revealed that GFP-SEC3a is localized at the tip
PM and that esterified pectins are secreted only in the
growing but not in the arrested tubes. Studies in lily
(Lilium longiflorum), tobacco, and Arabidopsis pollen
tubes demonstrated the importance of pectin deestrifi-
cation and the resultant cross-linking in pollen tube
morphogenesis and tip growth. Pectins are secreted at
the tip together with PME. In turn, PME deesterifies the
pectins, leading to cross-linking of the pectin homo-
galacturonan chains by Ca2+ at the shank. The cross-
linking of the pectin chains leads to cell wall stiffening
at the shank while leaving the cell wall at the tip softer,
thereby yielding more to intracellular turgor (McKenna
et al., 2009; Chebli et al., 2012). While this mechanism is
believed to be essential for tip growth, it is not known
whether the differential composition of the cell wall at
the tip and the shank affects the exocytotic machinery.

The compromised male transmission and the com-
plete inhibition of pollen tube germination in exocyst
subunit mutants have hampered the analysis of exocyst
function. The partial complementation of sec3a pollen
tube germination by GFP-SEC3a has enabled us to

Figure 10. SEC3a function and localization in pollen tube tip growth. A, SEC3a localization at the tip PM is dynamic and defines
the direction of pollen tube growth. Secretory vesicles, presumably loaded with pectins, are delivered to the region on the tip PM
marked by SEC3a, resulting in the local deposition of pectins. B, In elongating pollen tubes, the PM at the tip is characterized by a
region with high GFP-SEC3a and low FM4-64 signals, which could be considered a polar domain of focused and extensive
exocytosis. In nonelongating pollen tubes, GFP-SEC3 signal on the PM is homogenously distributed across the tip and shank PM.
As a consequence, a polar domain for exocytosis is not established and the tubes grow isotropically. C, In tobacco, SEC3a PM
localization depends on the mode of pollen tube growth. During steady growth, SEC3a localizes to a subapical region and re-
quires PIP2 for the association with membrane. In oscillatory growing pollen tubes, SEC3a association with the PM at the tip is
dynamic, as in Arabidopsis. The difference in SEC3a localization between these two growing modes likely reflects the actual site
for the delivery of secretory vesicles.
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study exocyst function during pollen tube development
and growth. The development of pollen with multiple
tips (Fig. 6A) in sec3a/GFP-SEC3a mutant pollen indi-
cated that SEC3a is required for the determination and
activation of the pollen tube germination pore and/or
maintenance of the germination site and further tip
growth. The function of SEC3a in determining the site
of the germination pore is in agreement with the earlier
manifestation of the sec3a-1 mutant defect in pollen
germination, as compared with other exocyst mutants.
Similar to sec3a-1/GFP-SEC3a, pme48 mutant pollen
developed multiple tips, indicating that pectin dees-
terification is required for the selection/maintenance of
a single germinating tip (Leroux et al., 2015). In pme48,
the LM20-labeled esterified pectins were more abun-
dant and less focally localized (Leroux et al., 2015). In
contrast, in sec3a-1/GFP-SEC3a pollen, the LM20-
labeled esterified pectins were highly focused at the
tip of the growing pollen tube and absent from the
arrested tube. Therefore, it is likely that themechanisms
responsible for the formation of multiple tips are dif-
ferent in the twomutants. Leroux et al. (2015) suggested
that, in pme48, multiple tips emerged due to the soft-
ening of the cell wall that contained higher levels of
esterified pectins. It is likely that multiple tips in
sec3a-1/GFP SEC3a resulted from the ectopic activity of
GFP-SEC3a that, in some cases, supported bud site se-
lection/initiation but failed to maintain tube growth.
The simultaneous visualization of FM4-64 labeling

and GFP-SEC3a allowed us to separate between the tip
growth domain, where the exocyst accumulates, and
the FM4-64-labeled inverted cone of endocytotic and
recycling vesicles. The PM zone showing low FM4-64
levels and high GFP-SEC3a accumulation, which was
detected even following prolonged staining with FM4-
64, suggests that exocyst-dependent exocytosis, which
is responsible for the secretion of esterified pectins and
possibly also PME and PME inhibitor, is separable from
the FM4-64-labeled vesicles. These findings are com-
patible with data showing forward-moving Golgi-
derived vesicles filled with pectins at the flanks
(Chebli et al., 2013; Hepler et al., 2013). The subregion
on apical PM showing low FM4-64 and high GFP-
SEC3a labeling also correlates with the direction of
tube elongation, strongly suggesting that extensive and
focused exocytosis on the apical PM is essential for tip
growth in Arabidopsis pollen (Fig. 10B). Likewise, it
seems that, in addition to the well-known zonation of
the tube apex to apical, subapical, and flank domains,
the apical PM is farther subdivided into discrete do-
mains of highly active exocytosis. This finding supports
the model according to which, at least in Arabidopsis,
growth occurs at the tip and suggests that this region
might be a sensor for external signals that orient tube
elongation.
Several lines of evidence indicate that both recycling

and forward secretory vesicle transport are required for
pollen tube growth. The GBF ADP Ribosylation Factor
Guanine Nucleotide Exchange Factor (ARFGEF) family
GNOM-LIKE2 (GNL2) regulates vesicle recycling. It

has been shown that pollen tube growth and pectin
secretion are compromised in Arabidopsis gnl2 mu-
tants (Richter et al., 2011). A second family of ARFGEFs
called BIGs functions redundantly in secretory vesicle
trafficking, and around 50% of the pollen of big12432/+

quadruple mutants fails to germinate (Richter et al.,
2014), similar to sec3a-1. GNL2 and the BIGs regulate
vesicle formation at the trans-Golgi network, while the
exocyst functions in vesicle tethering at the PM and thus
may function with both GNL2 and BIGs vesicle popu-
lations. GNL2 has been shown to reside in FM4-64-
labeled and nonlabeled membranes (Richter et al.,
2011). The spatial separation between strong PM and
intracellular FM4-64 labeling and GFP-SEC3a accu-
mulation at the tip-growing site indicates that at least
part of the exocyst-dependent exocytosis might not be
detected by differential labeling with both FM1-43 and
FM4-64 (Zonia and Munnik, 2008). Likely, differential
staining with the two FM dyes enabled the detection of
vesicle recycling events but not the exocytosis of vesi-
cles at the tip. The high density of vesicles at the pollen
tube tip makes it technically difficult to separate be-
tween different vesicle populations. The exocyst only
transiently associates with secretory vesicles at the PM,
making GFP-SEC3a/YFP-SEC3a/SEC3a-YFP highly
suitable intracellularmakers for determining the sites of
polarized exocytosis in pollen. Our results also indicate
that it is important to image markers like FM4-64 at low
laser intensity and detector gain to avoid oversatura-
tion of the signal that can obscure the zonation at the
tip. The differences in GFP-SEC3a localization, FM4-64
staining, and secretion of esterified pectins between
growing and arrested pollen tubes highlight that it is
critical to correlate between the localization of markers
and the growth status of the pollen tube. In our hands,
PI and FM4-64 compromised the growth of Arabi-
dopsis pollen tubes, and it was critical to find suitable
concentrations of the dyes that could still be imaged but
have no or minimal effects on growth.

Our results in tobacco pollen tubes indicate differen-
tial localization, and hence function, of SEC3 depending
on pollen tube growth mode, suggesting that different
routes andmembrane target domains for exocytosismay
exist in pollen tubes growing continuously or in oscil-
latory mode (Fig. 10C). We found that, when transiently
expressed in steady-growing tobacco pollen tubes, both
N-terminal and C-terminal fusions of SEC3a were more
enriched on the PM at the subapical region, which at
first glance seemed to be different from the tip-focused
localization in Arabidopsis. However, SEC3a also was
dynamically localized to the cell apex in tobacco pollen
tubes, showing oscillatory growth. Due to their small
size, itwas impossible to discern between oscillatory and
steady-state growth in Arabidopsis pollen tubes, and it
remains unknown whether these two growth modes
exist in Arabidopsis. Hence, the differences in the dis-
tribution of SEC3a between Arabidopsis and tobacco
might reflect differences in the growth modes of pollen
tubes in the two systems. Also, tobacco pollen tubes are
almost twice wider than Arabidopsis tubes, and change
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in apical dome geometry might allow more spatial sep-
aration of functional PM regions.

Binding of SEC3a-N to Phosphoinositides and Significance
of PIP2-Dependent Interaction with the PM for
SEC3a Function

Our biochemical, bioinformatics, and MD computa-
tional analyses firmly indicate that, similar to yeast
Sec3p, the plant SEC3 subunit contains an N-terminal
PH domain that interacts with PIP2. Despite a clear
importance of PIPs for binding of the N-terminal do-
main to the PM, complementation and localization
analysis of the SEC3a-ΔN and SEC3a-N KRKR/A mu-
tants in Arabidopsis pollen indicated that the interac-
tion with PIP2 is not absolutely required for the polar
localization and function of SEC3a. Similarly, deletion
of the N-terminal region of yeast Sec3p does not cause
any detectable secretion or growth defects (Guo et al.,
2001). Genetic analysis in yeast indicated that a dual
interaction of Sec3p with phospholipids and with
Cdc42 controls its function (Zhang et al., 2008). Thus,
the most likely explanation for the functionality and
polar localization of SEC3A N-terminal domain mu-
tants is that additional factors regulate its association
with the membrane. It is possible that such a factor is
the whole exocyst complex as a functional unit. In
contrast to yeast and animal cells, the interaction of
SEC3a with activated ROPs is indirect, and in vegeta-
tive tissues, it is mediated by the ROP effector ICR1
(Lavy et al., 2007). Publicly available RNA expression
data and ICR1 promoter-reporter fusion constructs in-
dicate that ICR1 itself is not expressed in pollen.
Therefore, a pollen-specific mechanism of putative
SEC3-GTPase interaction remains to be uncovered.

A comparison of the alignment of the SEC3N-terminal
domain of various eukaryotes with our MD simulations,
both presented here and recently published (Pleskot
et al., 2015), revealed that some PIP2-interacting residues
are conserved among plants and fungi but not in ani-
mals. This finding is in agreement with the hypothesis
that PIP2 binding is important, but not absolutely re-
quired, for SEC3 function, as it was probably lost in the
animal SEC3 genes.

Interestingly, in tobacco pollen tubes, GFP-SEC3a-N
showed a somewhat stronger association with the PM
compared with the full-length protein. Taking into ac-
count that SEC3a polar localization and association
with the PM is highly dynamic, we can speculate that
binding to phosphoinositides stabilizes the interaction
of protein and the PM. Under this scenario, the distri-
bution of PIP2 at the tip will affect the efficiency of
SEC3a recruitment to specific domains on the PM and,
hence, will locally increase tethering and the subse-
quent fusion of secretory vesicles. Likewise, in non-
growing Arabidopsis pollen tubes, GFP-SEC3 was
wider and not polarized (Figs. 3 and 10; Supplemental
Movie S3), suggesting that it might have promoted
diffuse rather than polarized exocytosis.

Yeast and mammalian EXO70 subunits also interact
directly with PIP2 in the membrane (He et al., 2007;
Pleskot et al., 2015), and it is thus plausible to speculate
that some plant EXO70 subunits bind PIP2 or other
PPIs. Therefore, in plants, the exocyst also might in-
teract directly, via both the SEC3 and EXO70 subunits,
with the specific phosphoinositide, similar to polarized
and migrating animal or yeast cells (Thapa et al., 2012;
Pleskot et al., 2015). In yeast cells, Sec3p missing the
N-terminal PH domain is able to interact with the rest of
the exocyst complex (Baek et al., 2010; Luo et al., 2014),
and a similar interaction could be expected for plant
SEC3a. Interestingly, Arabidopsis SEC3a interacts di-
rectly with EXO70A1 (Hála et al., 2008). Thus, the
complementation of the sec3a mutant phenotype by
SEC3a-DN and SEC3a-KRKR/A could be explained by
the fact that mutated SEC3a is still able to interact with
the other exocyst subunits, and the whole complex
could be targeted by some EXO70 paralogs.

Our results also are compatiblewith adifferent scenario,
under which SEC3 localization is alternately regulated by
PIP2-dependent versus PIP2-independent mechanisms.
The alternative binding of SEC3 by PIP2-dependent and
-independent mechanisms can explain the function and
polar localization of SEC3a-DN and SEC3a KRKR/A as
well as the stronger binding of SEC3a-N to the PIPs. Al-
ternative PIP-dependent and -independent polarization
mechanisms also are compatible with the differential lo-
calization of SEC3a during continuous and oscillatory
growth modes in tobacco pollen tubes. Future work will
be required to understand the molecular mechanisms
underlying the dynamic function of the exocyst complex
in relation to the exocytotic machinery under different
pollen tube growth modes.

MATERIALS AND METHODS

Plant Growth Conditions

Seeds of wild-type Col-0 and mutant Arabidopsis (Arabidopsis thaliana)
plants were sown on soil, left for 2 d at 4°C, and grown under long-day con-
ditions (16-h-light/8-h-dark cycle) at 22°C. The light intensitywas 100mEm22 s21.
For segregation analysis, seedlings were surface sterilized and sown on plates
containing 0.53 Murashige and Skoog salt mixture (Duchefa Biochemie)
titrated to pH 5.5 with MES and KOH, 1% Suc, 0.8% plant agar (Duchefa
Biochemie), and 5.25 mg mL21 Sd (Duchefa Biochemie). For BASTA selection,
seedlings were transferred to soil and sprayed with 0.2 g L21 BASTA (Bayer
CropScience).

Cloning Strategies

All primers used in this study are listed in Supplemental Table S5. For the
construction of LAT52:SEC3a/GFP-SEC3a, SEC3a coding sequence flanked by
attB1/attB2 sites was generated by two rounds of PCRwith primers 1427/1428
and 1429/1430 and recombined into the pDONOR221 vector (pSY597). pSY597
was then used in GATEWAY LR clonase reactions with pZO1 (untagged) and
pZO2 (N-terminal GFP fusion) destination vectors to create pSY598 (LAT52:
SEC3a) and pSY599 (LAT52:GFP-SEC3a) expression vectors. For the construc-
tion of LAT52:GFP-SEC3-DN/SEC3-DN, SEC3a sequencewithout the first 540 bp
was amplified by two rounds of PCR using 2546/1428 and 2547/1430 primers,
recombined first into pDONOR221 (pSY2538) and then recombined into pZO1
or pZO2 to get pSY2539 or pSY2540, respectively. SEC3a promoter (PSEC3a:
GUS) was cloned by amplifying a 1,025-bp fragment upstream of the initiation
ATG codon from genomic DNA with the oligonucleotide primers SYP594 and
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SYP595. The PCR product was digested with Acc651/SalI, and the resulting
fragment was subcloned into pLhG4-Bj36 upstream of the synthetic transcrip-
tional factor gene LhG4 (Moore et al., 1998) to yield pSY581. pSY581 was
digested with NotI, and the PSEC3a-LhG4 fragment was subcloned into the
plant binary vector pART27 to yield pSY582. Four independent promoter lines
were used for analysis. For the cloning of LAT52:YFP-SEC3a/SEC3a-YFP, SEC3a
coding sequences flanked byNgoMIV/ApaI sites were generated by PCR using
Phusion DNA polymerase (Thermo Fisher) using specific primers PPP66/
PPP65 (YFP-SEC3a), PPP66/PPP64 (SEC3a-YFP), PPP66/PPP63 (YFP-SEC3a-
N ), PPP66/PPP62 (SEC3a-N-YFP), PPP90/PPP65 (YFP-SEC3a-DN ), and
PPP90/PPP64 (SEC3a-DN-YFP). Amplified products were introduced into the
multiple cloning sites of pollen expression vectors pWEN240 and pHD32 using
NgoMIV/ApaI restriction enzyme sites. The pWEN240 vector (LAT52:YFP-GA5-
MCS:NOS) and the pHD32 vector (LAT52:MCS-GA5-YFP:NOS [Klahre et al.,
2006]) were kindly provided by Benedikt Kost. These constructs allowed
pollen-specific expression and visualization of SEC3a protein fusions controlled
by the LAT52 promoter (Twell et al., 1991). Multistep cloning was used to
prepare LAT52:YFP-SEC3a-N KRKR/A. Initially, a double mutant, SEC3a-N
K51A R53A, was prepared by two-step PCR. First, SEC3a-N K51A R53A was
generated using PPP66/PPP126 primers. Next, the obtained product was used
as a forward primer for a second PCR with reverse primer PPP63, and the
amplified product was cloned into pWEN240. Then, SEC3a-N carrying a double
mutation, K34A R36A, was generated using PPP66/PPP128 primers. The pro-
duct was used as a forward primer for a second PCR using YFP-SEC3a-N K51A
R53A as a template for PCR with reverse primer PPP63, and the amplified
final product was cloned into pWEN240. LAT52:GFP-SEC3a KRKR/A and SEC3a
KRKR/Awere prepared by fusion reaction of two PCR products. The first product
was amplified with 1427/2552 using SEC3a-N KRKR/A as a template, and the
secondproductwas amplifiedwith 2553/1428using pSY597 as a template. Thefinal
product was then amplified with 1429/1430 and recombined into pDONOR221
(pSY2525) and then into pZO1 or pZO2 to get pSY2526 or pSY2527, respectively. For
GST-SEC3a-N, the first 180 amino acids of Arabidopsis SEC3awere amplifiedwith
primers PPP129/PPP130 by PCR using Phusion DNA polymerase, digested with
BamHI/XhoI, and subcloned into the pGEX-4T2 vector.

DNA/RNA Techniques

Genomic DNA was extracted using the GenElute Plant Genomic kit (Sigma-
Aldrich) according to themanufacturer’s instructions.TotalRNAwas isolated from
seedlings, flowers, or specific tissues using the RNeasy Plus kit (Qiagen) according
to the manufacturer’s instructions. cDNA first-strand synthesis was carried out
using theHighCapacity cDNART kit (Applied Biosystems)with oligo(dT) primer
according to the manufacturer’s instructions. All PCRs were performed using
PhireII DNA polymerase (Thermo Scientific). For sequencing, genomic fragments
were amplified using Phusion DNA polymerase (Thermo Scientific).

GUS Staining

GUS staining was carried out as described previously (Wiegel and Glaze-
brook, 2002). Light imaging was performed using an Axioplan-2 Imaging mi-
croscope (Carl Zeiss) equipped with an Axio-Cam cooled CCD camera with
either 103 or 203 objectives.

In Vitro Germination of Arabidopsis Pollen

Pollen from qrt2/2 and qrt2/2/sec3a-1+/2 plants was germinated on 60-mm
petri dishes containing pollen germination medium [1% boric acid, 5 mM CaCl2,
5 mM KCl, 1 mM MgSO4, 10% D-(+)-Suc, and 1.5% low-melting-point agarose,
pH 7.7; Boavida and McCormick, 2007]. Pollen from seven to eight anthers
was spread on a 5-mm2 area in themiddle of the dish and germinated at 22°C to
23°C for 24 h in closed plastic boxes filled with water to maintain humidity. The
number of quartets showing one, two, three, or four germinated pollen grains
was counted. Statistical analyses were performed using the x2 test.

For total RNA extraction, Col-0 pollen was germinated in 50 mL of liquid
germination medium in 96 wells at 22°C to 23°C for 24 h, collected, centrifuged
at 2,000g for 5 min, and used for total RNA extraction.

Time-Lapse Imaging and Live Staining in
Arabidopsis Pollen

For live-cell imaging, pollen was germinated on solid medium as described
above. Two to 3 h after plating, a piece of agar with germinated pollen was

transferred to a glass-bottom 35-mm dish filled with 100 mL of liquid germi-
nation medium to prevent drying and examined using an inverted Zeiss
LSM780-NLO confocal laser scanning microscope (Carl Zeiss) using Plan-
Apochromat 203/0.8 dry and C-Apochromat 403/1.20 water objectives.
GFP was exited with a 488-nm argon laser, emission was collected with a
GaAsP detector set to 505 to 550 nm, with the pinhole closed to 1 Airy unit.
Time-lapse images were taken in 5-s intervals for approximately 3.5 min. FM4-
64 (5 mM in dimethyl sulfoxide; Invitrogen) and PI (1 mgmL21 in water; Sigma-
Aldrich) were diluted in germination medium, and 100 mL was applied to a
piece of agar with pollen transferred to a glass-bottom dish. For simultaneous
detection with GFP, FM4-64 or PI was excited with a 561-nm laser and detection
was set to 580 to 650 nm in a multitrack mode, with the pinhole closed to 1 Airy
unit. The GFP/FM4-64/PI signals were converted into a range of intensities
using the ZEN software (Zeiss). Intensity plots for GFP/FM4-64 and GFP/PI
were created bymeasuring the intensity of the signal for each channel across the
plasma membrane of the pollen tube apex with the Fiji plot profile feature.

In Vivo Germination of Arabidopsis Pollen

Col-0 flowers were emasculated and pollinated with single quartets
(approximately 10 per stigma). After 24 h, crosses were collected and fixed for
1 h in formalin-acetic alcohol, washed extensively, and transferred to 8 N NaOH
solution for 12 to 36 h. In turn, germinated and fixed material was washed with
water and stained with 0.05% (w/v) Aniline Blue in sodium phosphate buffer,
pH 8, for 24 h. Callose staining was visualized with an epifluorescence micro-
scopewith UV light excitation andwas used to count the number of germinated
pollen tubes in each tetrad. Pollen tube counting was carried out directly on the
microscope. Differential interference contrast images of the same tetrads were
used for labeling pollen with germinating pollen tubes.

Immunolocalization of Cell Wall Pectins in
Arabidopsis Pollen

For immunolocalization, pollen was germinated in a liquid germination
medium [1%boric acid, 5mMCaCl2, 5mMKCl, 1mMMgSO4, 10%D-(+)-Suc, and
1 mM MgSO4$7H2O, pH 7.7]. Pollen was isolated by submerging and vortexing
approximately 40 flowers in 1 mL of germination medium. In turn, pollen was
pelleted by centrifugation at 3,000g for 6 min, resuspended in 250 mL of ger-
mination medium, and grown in 24 wells for 4 to 5 h at 23°C with gentle agi-
tation. Immunolocalization of cell wall epitopes was done according to the
method described by Dardelle et al. (2010) with the following modifications.
LM19 anti-deesterified homogalacturonan and LM20 anti-methylesterified
homogalacturonan monoclonal antibodies were obtained from PlantProbes
and used as primary antibodies. Both antibodies were used at a dilution of 1:10
and incubated overnight at 4°C with the pollen tubes. Goat anti-rat IgG Alexa
568 conjugated antibody (ab175710; Abcam) was used as a secondary antibody
at a dilution of 1:100 to 1:200 and incubatedwith the pollen tubes for 3 h at 30°C.
For controls, pollen tubes were incubated only with the secondary antibody.

Staining of Pollen Nuclei with DAPI

Pollen from qrt2/2 and qrt2/2/sec3a-1+/2 plants was mounted on slides with
2.5% gelatin and stained for 30 min with 1 mg mL21 DAPI solution.

Pollen Transformation and Microscopic Analysis
in Tobacco

Expression vectors were transferred into tobacco (Nicotiana tabacum) pollen
grains germinating on solid culture medium by particle bombardment using a
particle delivery system (PDS-1000/He; Bio-Rad) as described previously (Kost
et al., 1998). Particles were coated with 1 to 3 mg of DNA. When two constructs
were coexpressed, particles were coated with 1 mg of each DNA. For YFP live-
cell imaging, 6-h-old pollen tubes were observed using a spinning-disc confocal
microscope (Yokogawa CSU-X1 on Nikon Ti-E platform) equipped with a 603
Plan Apochromat objective (WI; numerical aperture = 1.2) and an Andor Zyla
sCMOS camera. Laser excitation at 488 nm together with a 542/27-nm single-
band filter (Semrock Brightline) were used for fluorescence collection of YFP.
Laser power and camera settings were kept constant, allowing for comparative
imaging. Zeiss LSM 5 DUO CSLM in a multitrack imaging in-line switching
mode was used for simultaneous detection of YFP-SEC3a-N and mRFP1-
PHPLCd1 fluorescence using the Zeiss C-Apochromat 403/1.2 water-corrected
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objective. YFP-SEC3a-N excited with the 488-nm laser was imaged through a
405/488/561-nm dichroic and a 505- to 550-nm band-pass emission filter. Laser
line 561 nm was used to excite mRFP1-PHPLCd1, which was imaged through a
405/488/561-nm dichroic and a 575-nm long-pass emission filter. For com-
parative imaging of LAT52:YFP-SEC3a-N KRKR/A and wild-type LAT52:YFP-
SEC3a-N, gain and offset detector settings were kept constant.

Expression of Recombinant GST-SEC3a-N, Purification,
and Lipid-Binding Assays

The expression plasmid coding for GST-SEC3a-N was transformed into
Escherichia coli strain BL21, and cells were grown overnight at 37°C. After sub-
culturing into fresh medium, cells were grown at 37°C to an optical density at
600 nm of 1.5, then induced for 4 h using 0.4 mM isopropylthio-b-galactoside.
Recombinant proteins were purified on glutathione-Sepharose (GE Healthcare)
according to the manufacturer’s instructions. Protein-lipid overlay assays with
membrane lipid strips (Echelon Biosciences P-6002) were performed according to
themanufacturer’s instructionswithprotein concentration of 0.5mgmL21. For the
large unilamellar vesicle cosedimentation assay,we used the procedure described
by Kooijman et al. (2007) using 400 nmol of lipids and 1 mg of GST-SEC3a-N.

Homology Model of Arabidopsis SEC3a-N

A homology model for Arabidopsis SEC3a-N was constructed using the
ScSec3p-N structure (3A58). The manually edited alignment obtained by
PSIPRED (Buchan et al., 2010) was used as an input for MODELER-9v8 (Sali
and Blundell, 1993). The loop refinement method of the MODELER program
was utilized to model the 10-amino acid-long loop in SEC3a-N (region 110–
119). The best model was evaluated by the ProSA and WHAT IF algorithms
(Vriend, 1990).

MD Simulations

To simulate the self-assembly of lipid bilayers in the presence of protein, the
MARTINI CG force field was used (Marrink et al., 2007; Monticelli et al., 2008).
We simulated two systems, the first containing SEC3a-N, one molecule of PIP2,
255 molecules of PC, CG waters, and chloride ions and the second comprising
AtSEC3a-N, 256 molecules of PC, CG waters, and chloride ions. The protein
was described according to ELNEDYN representation (Periole et al., 2009) with
Rc of 0.9 nm and K (spring force constant) of 500 kJ mol21 nm22. GROMACS
4.0.5 was used for all MD simulations (Hess et al., 2008). The simulation con-
ditions were used according to Pleskot et al. (2012). Systems were energy
minimized using the steepest descent method up to a maximum of 500 steps,
and production runs for 16 ms were performed. It was shown that effective
(real) times for CG simulations are longer (cut-off distance) than computational
ones; for proteins and lipids in the MARTINI force field, the scaling factor is
4-fold (Ramadurai et al., 2010; i.e. a 4-ms simulation time corresponds to 16ms of
real time). The snapshots from MD simulations were prepared using VMD
(Humphrey et al., 1996).

Accession Numbers

Accessionnumbersareas follows:SEC3a,At1g47550; andSEC3b,At1g47560.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Schematic representation of SEC3a and SEC3b
mRNA coding sequences and 39 untranslated regions.

Supplemental Figure S2. Genotyping of sec3a-1 and sec3b-1.

Supplemental Figure S3. Phenotype of the sec3b-1 homozygote.

Supplemental Figure S4. Pollen nuclei display similar staining in qrt2/2

and qrt2/2 sec3a2/+ single and double mutants.

Supplemental Figure S5. Distribution of FM4-64 in growing nontransgenic
Col-0 pollen tubes.

Supplemental Figure S6. Nongrowing Arabidopsis pollen tube labeled
with FM4-64.

Supplemental Figure S7. Localization of Arabidopsis and tobacco SEC3a
variants in tobacco pollen tubes.

Supplemental Figure S8. Phylogenetic analysis of SEC3 N-terminal do-
main and SEC3 domain.

Supplemental Figure S9.Multiple sequence alignment of SEC3 N-terminal
domain for selected organisms.

Supplemental Table S1. Reciprocal outcrosses of sec3a-12/+ and first prog-
eny of LAT52::SEC3a and LAT52::GFP-SEC3a complementation lines to
the Col-0 background.

Supplemental Table S2. Segregation of sec3a-1+/2 mutant and complemen-
tation lines based on Sd resistance.

Supplemental Table S3. Abortion of seed development in the sec3a-1 het-
erozygote.

Supplemental Table S4. Outcrosses of sec3a-1+/2/LAT52::SEC3a KRKR/A,
sec3a-1+/2/LAT52::GFP-SEC3a KRKR/A, sec3a-1+/2/LAT52::SEC3a-
DN+/2, and sec3a-1+/2/LAT52::GFPSEC3a-DN+/2 complementation lines
to Col-0.

Supplemental Table S5. Primers used in this study.

Supplemental Movie S1. Localization of GFP-SEC3a in growing Arabi-
dopsis pollen tube.

Supplemental Movie S2. Localization of GFP-SEC3a in growing Arabi-
dopsis pollen tube.

Supplemental Movie S3. Localization of GFP-SEC3a in nongrowing Ara-
bidopsis pollen tube.

Supplemental Movie S4. Localization of GFP-SEC3a in multiple-tip sec3a2/

2;GFPSEC3a pollen.

Supplemental Movie S5. Localization of GFP-SEC3a in multiple-tip sec3a2/

2;GFPSEC3a pollen.

Supplemental Movie S6. Localization of GFP-SEC3a KRKR/A in growing
Arabidopsis pollen tube.

Supplemental Movie S7. Localization of GFP-SEC3a KRKR/A in non-
growing (first 5 min) pollen tube that starts to grow (GFP-SEC3a
KRKR/A defines that position of growth).

Supplemental Movie S8. Localization of GFP-sec3a-ΔN in growing Arabi-
dopsis pollen tube.

Supplemental Movie S9. Localization of GFP-sec3a-ΔN in growing Arabi-
dopsis pollen tube.
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