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In the Brassicaceae, compatible pollen–pistil interactions result in pollen adhesion to the stigma, while pollen grains from

unrelated plant species are largely ignored. There can also be an additional layer of recognition to prevent self-fertilization,

the self-incompatibility response, whereby self pollen grains are distinguished from nonself pollen grains and rejected. This

pathway is activated in the stigma and involves the ARM repeat–containing 1 (ARC1) protein, an E3 ubiquitin ligase. In a

screen for ARC1-interacting proteins, we have identified Brassica napus Exo70A1, a putative component of the exocyst

complex that is known to regulate polarized secretion. We show through transgenic studies that loss of Exo70A1 in Brassica

and Arabidopsis thaliana stigmas leads to the rejection of compatible pollen at the same stage as the self-incompatibility

response. A red fluorescent protein:Exo70A1 fusion rescues this stigmatic defect in Arabidopsis and is found to be

mobilized to the plasma membrane concomitant with flowers opening. By contrast, increased expression of Exo70A1 in

self-incompatible Brassica partially overcomes the self pollen rejection response. Thus, our data show that the Exo70A1

protein functions at the intersection of two cellular pathways, where it is required in the stigma for the acceptance of

compatible pollen in both Brassica and Arabidopsis and is negatively regulated by Brassica self-incompatibility.

INTRODUCTION

In many flowering plants, complex pollen–stigma interactions

have evolved to allow for the specific recognition of compatible

pollen. Species of the crucifer family (e.g., Brassica napus and

Arabidopsis thaliana) have dry stigmas (absence of surface

secretions), which prevent pollen grains from unrelated plant

species (foreign pollen) from adhering and germinating at the

earliest stages of pollination. When compatible pollen comes in

contact with the dry stigma, hydraulic connectivity is established

to facilitate the passage of water into the pollen grains. Hydrated

pollen grains germinate and produce tubes that penetrate the

stigmatic cell walls and traverse the pistil down to the ovules

where fertilization takes place (Dickinson, 1995; Swanson et al.,

2004). Thus, only compatible pollen grains are capable of induc-

ing the stigma to release necessary resources, such aswater and

other factors, while foreign pollen grains are largely ignored. As a

result, plant species with dry stigmas prevent foreign pollen from

inappropriately using female resources (Heslop-Harrison, 1981).

Genetic screens have identified various compatibility factors in

both the pollen and stigma, but the cellular mechanism regulat-

ing this recognition process is still poorly understood (Edlund

et al., 2004; Hiscock and Allen, 2008).

The pollen exine is required for the initial stage of pollen

capture, and the proteins and lipids in the pollen coat promote

subsequent stages of interactions (Hulskamp et al., 1995; Zinkl

et al., 1999). For example, Arabidopsis eceriferummutants have

severely reduced pollen coats and are male sterile (Fiebig et al.,

2000). Additionally, the lack of Glycine Rich Protein-17, an

oleosin domain protein, was found to cause delayed pollen

hydration (Mayfield and Preuss, 2000). The lipids from the pollen

coat are proposed to interact with the lipids of the stigmatic

cuticle to form a hydraulic conduit for passage of water from the

stigma to pollen, thus facilitating pollen hydration. Interestingly,

Arabidopsis fiddleheadmutants, which possess altered cuticular

properties, support pollen hydration on nonstigmatic tissues

(Lolle and Cheung, 1993). Another layer of pollen growth is

regulated by the stigmatic pellicle, the proteinaceous, outermost

layer of the stigmatic papilla that comes in contact with the pollen

grain. Removal of the pellicle results in a lack of pollen tube entry

into the stigma (Roberts et al., 1984). Two Brassica stigmatic

proteins, the S-locus related 1 (SLR1) and S-locus glycoprotein

(SLG), have been implicated in the early stages of pollen
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adhesion. Both the transgenic suppression of SLR-1 and anti-

body-mediated masking of SLR1 and SLG binding sites resulted

in reduced pollen adhesion (Luu et al., 1999). SLR1 and SLG are

proposed tomediate adhesion through their binding to the pollen

coat proteins, SLR1-BP and PCP-A1, respectively (Doughty

et al., 1998; Takayama et al., 2000a).

In addition to the recognition of compatible pollen, the self-

incompatibility system may also be present and activated in the

stigma following contact with self pollen. In this response, pollen

rejection occurs by blocking pollen hydration and the pollen tube

penetration through the stigmatic surface (Dickinson, 1995;

Hiscock and McInnis, 2003; Takayama and Isogai, 2005). Ge-

netic andmolecular studies have elucidated several components

involved in Brassica self-incompatibility. This response is initi-

ated by the pollen coat protein, S-locus Cys-rich/S-locus protein

11 (SCR/SP11), and the stigma-specific S Receptor Kinase

(SRK), which are encoded by a pair of tightly linked, multiallelic

loci (Schopfer et al., 1999; Takasaki et al., 2000; Takayama et al.,

2000b; Silva et al., 2001). Following the attachment of self pollen

to the stigma, SCR/SP11 binds to the membrane-localized SRK,

and this receptor-ligand interaction activates SRK (Kachroo

et al., 2001; Takayama et al., 2001). Along with another plasma

membrane–localized kinase, M-locus protein kinase, SRK is

proposed to interact with and phosphorylate the E3 ubiquitin

ligase, ARM-repeat containing 1 (ARC1), to promote rejection of

self pollen (Goring and Walker, 2004; Murase et al., 2004; Kakita

et al., 2007). ARC1 exhibits a phosphorylation-mediated inter-

action with the intracellular domain of SRK and has been shown

to have E3 ligase activity (Gu et al., 1998; Stone et al., 2003). The

self-incompatibility response has been shown to lead to an

increase in ubiquitinated proteins in the Brassica stigma, and in

Nicotiana tabacum BY-2 cells, the activated SRK kinase domain

relocalizes ARC1 from the cytosol to the proteasome (Stone

et al., 2003). The knocked down expression of ARC1 in self-

incompatible B. napus W1 lines led to partial breakdown of

the self-incompatibility response, and the treatment of W1

pistils with proteasomal inhibitors also resulted in a breakdown

of the self-incompatibility response (Stone et al., 2003, 1999).

Thus, ARC1 was proposed to be a positive regulator of self-

incompatibility, and proteasomal-mediated degradation is

thought to be required for the self-incompatibility response to

operate. The putative targets of ARC1 were hypothesized to be

compatibility factors in the stigma, which are inhibited by the

self-incompatibility response, although the identities of the tar-

gets of ARC1 were unknown (Stone et al., 2003).

Through a screen for ARC1-interacting proteins, we have now

identified a predicted B. napus exocyst complex subunit,

Exo70A1, as an interactor and substrate for ARC1. In yeast

and animal systems, Exo70 is an essential component of the

multisubunit exocyst complex, which is involved in targeted

secretion at the plasma membrane through the tethering of

vesicles on the plasmamembrane (Hsu et al., 2004; Munson and

Novick, 2006). In both Brassica and Arabidopsis, the dry stigmas

serve as the major source of water, calcium, and other factors

necessary for compatible pollen grain hydration and pollen tube

penetration through the stigma, indicating a requirement for

targeted secretion to pollen attachment sites (Dickinson, 1995).

Here, we show that Exo70A1 is a compatibility factor in the

stigma and demonstrate that Brassica and Arabidopsis lines

lacking Exo70A1 in the stigma are incapable of accepting com-

patible pollen. By contrast, overexpression of Exo70A1 in Bras-

sica is sufficient to partially overcome the self pollen rejection

response in self-incompatible Brassica plants. Thus, we present

conclusive evidence placing Exo70A1 at the intersection of these

two cellular pathways in the stigma.

RESULTS

ARC1 Interacts with and Ubiquitinates Exo70 A1

To identify potential substrates regulated by the ARC1 E3 ligase

during the Brassica self-incompatibility pathway, a pistil cDNA

yeast two-hybrid library was screened and resulted in the isola-

tion of an Exo70 homolog. In plant genomes, there are multiple

predicted copies of the Exo70 gene, and the clone isolated in our

study was most similar to the Arabidopsis Exo70A1 (see Sup-

plemental Figures 1A and 1B online; Synek et al., 2006). The

interaction of ARC1 with Exo70A1 was confirmed using in vitro

binding assays with recombinant His6:Exo70A1:FLAG and glu-

tathione S-transferase (GST):ARC1 fusion proteins (Figure 1).

The Exo70A1 fusion protein bound to the Ni beads was able to

bind GST:ARC1, and no signal was detected when GST was

added (Figure 1A). Similarly, when GST:ARC1 or GST alone were

bound to the GSH beads, the His6:Exo70A1:FLAG fusion protein

was pulled down only when GST:ARC1 was present (Figure 1B).

Since ARC1 has been previously shown to possess E3 ligase

activity, we wanted to examine if Exo70A1 can function as a

substrate for ARC1. When the His6:Exo70A1:FLAG recombinant

protein was added to the ubiquitination assay containing ARC1

(as the E3 enzyme) along with the E1 and E2 enzymes, higher

molecular weight laddering, indicative of polyubiquitination, was

observed (Figure 1C). In comparison, the control lanes lacking

either ARC1 or Exo70A1 did not show this higher molecular

weight laddering (Figure 1C). Thus, both the in vitro binding and

ubiquitination assays suggest that Exo70A1 can be a binding

partner and a substrate for ARC1.

RNA Interference–Mediated Suppression of Exo70A1 in

Compatible Westar Lines Leads to Reduced

Pollen Acceptance

The isolation of Exo70A1 as an ARC1 interactor implies a

previously unknown role for Exo70 in the stigma during pollen–

stigma interactions. ARC1 functions in the stigma as part of the

self-incompatibility response and has a positive role promoting

the rejection of self pollen. It is predicted to carry out this function

by targeting substrate proteins for degradation by the protea-

some (Stone et al., 1999, 2003). Following from this, an ARC1

target would be predicted to be required in the stigmatic papillae

to accept compatible pollen, and pollen rejection would occur

when the target is inactivated. This prediction can be simply

tested by removing the target, Exo70A1, from the stigma and

testing if compatible pollen can still be accepted. Brassica

Exo70A1 is expressed in several tissues, with highest levels of

expression in the pistil and with lowest levels in stamens (Figure
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2A). Thus, to suppress B. napus Exo70A1 exclusively in the

stigma, the Exo70A1 RNA interference (RNAi) construct was

placed under the control of the stigma-specific SLR1 promoter

(Franklin et al., 1996; Stone et al., 1999; Fobis-Loisy et al., 2007),

and this construct was transformed into B. napusWestar, a fully

compatible cultivar that produces full seedpods following self-

pollination. Three independent transgenicWestar lines, R1 to R3,

were generated and found to have reduced levels of Exo70A1 in

the stigma (Figures 2B and 2C).

As expected, the Exo70A1 RNAi Westar lines produce flow-

ers of wild-type appearance and viable pollen, with full seed-

pods observed when wild-type Westar pistils are pollinated

with this pollen (Figures 2D and 2E). However, also as pre-

dicted, the Exo70A1 RNAi Westar stigmas are impaired in

compatible pollen acceptance, and a corresponding reduction

in seed production is observed for all three lines (Figure 2F). The

Exo70A1 RNAi Westar lines pollinated with compatible Westar

pollen produced significantly lower means of 5.6 6 1.6, 3.6 6
1.4, and 3.26 1.3 seeds/pod compared with 28.46 0.7 seeds/

pod produced by the control compatible B. napus Westar

pollinations (Figure 2G). The self-incompatible B. napus W1

line was used as a control for self pollen rejection with the

ensuing absence of seed production (Stone et al., 1999, 2003).

These results show that Brassica Exo70A1 plays an essential

role in the stigma during compatible pollen–stigma interac-

tions.

Exo70A1Overexpression in Self-Incompatible W1

Lines Is Sufficient to Partially Break Down the

Self-Incompatibility Response

Based on Exo70A1’s essential role in the stigma for compatible

pollinations and its ability to interact with and function as a

substrate for ARC1, we hypothesized that one way through

which ARC1 imparts its E3 ubiquitin ligase activity during self-

incompatibility is by targeting Exo70A1 for degradation. If this

were true, then elevation of Exo70A1 levels in a self-incompatible

line may overcome the pollen rejection response by essentially

titrating out ARC1’s activity. This prediction was tested by

expressing a red fluorescent protein (RFP):Exo70A1 (B. napus

Exo70A1) construct under the control of the stigma-specific

SLR1 promoter in the self-incompatible B. napus W1 line. The

B. napus W1 line is identified by the presence of the self-

incompatibility S910 allele through PCR detection of the SRK910

gene (Yu et al., 1996; Silva et al., 2001), and two independent

transgenic RFP:Exo70A1 W1 lines, S1 and S2, were generated

(Figures 3A and 3B). Consistent with this hypothesis, the S1

and S2 plants had increased seed production following pollina-

tion with self-incompatible W1 pollen than did the control self-

pollinated W1 plants (Figure 3C). The RFP:Exo70A1 W1 lines

produced averages of 3.4 6 0.81 and 2.8 6 0.97 seeds/pods

when pollinated with W1 pollen, which was significantly higher

than the self-incompatible W1 control, which did not produce

any seeds (Figure 3D). All the control compatible pollinationswith

Westar as the pollen donor for W1, S1, and S2 pistils produced

full seedpods, as expected (Figures 3C and 3D). Thus, the

increased levels of Exo70A1 were able to titrate out ARC1’s

activity and partially overcome the self-incompatibility pheno-

type of W1 plants.

We attempted to visualize the RFP:Exo70A1 protein in the

B. napus S1 and S2 lines using confocal microscopy but were

unable to detect RFP through the dense Brassica stigmatic

papillae. The presence of the RFP:Exo70A1 protein in the stigma

was confirmed by immunoblot analysis, using an anti-RFP an-

tibody, prior to and after pollination following either W1 and

Westar pollinations (see Supplemental Figure 2 online). While

activation of the self-incompatibility pathway leading to ARC1-

mediated degradation of Exo70A1 would be predicted to reduce

Exo70A1 protein levels following W1 pollinations, no clear

Figure 1. In Vitro Binding and Ubiquitination Assays with Brassica ARC1

and Exo70A1.

(A) In vitro binding assay with purified GST or GST:ARC1 added to

Ni-NTA–bound His6:Exo70A1:FLAG or Ni-NTA alone. ARC1 binds spe-

cifically to Exo70A1.

(B) In vitro binding assay with purified His6:Exo70A1:FLAG protein

added to GSH beads bound to GST or GST:ARC1. ARC1 binds specif-

ically to Exo70A1.

(C) In vitro ubiquitination assay of Exo70A1 by the ARC1 E3 ubiquitin

ligase. His6:Exo70A1:FLAG was detected using an anti-FLAG antibody.

Multi-ubiquitinated Exo70A1 is only detected when all components of the

ubiquitination assay are present (lane 3). Due to the long exposure time,

some cross-reacting bands from the ARC1 sample are seen at the

bottom of the blot in lanes 3 and 4.
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decrease in Exo70A1 protein levels was observed after pollina-

tion (see Supplemental Figure 2 online). However, this would be

difficult to detect, given the increased levels of Exo70A1 in the S1

and S2 lines; in addition, this predicted effect would only occur in

a small subset of the stigmatic cells, the stigmatic papillae in

contact with pollen.

Exo70A1 Expression in the Brassica Stigma Is Necessary

and Sufficient to Support Pollen Hydration, Germination,

and Pollen Tube Penetration

With the establishment of the biological function of Exo70A1in

Brassica stigmas, following pollination, we then investigated the

cellular function of Exo70A1 in these responses. Pollen–stigma

Figure 2. Reduced Expression Levels of Exo70A1 in the Stigmas of Compatible B. napus Westar Causes Decreased Seed Production.

(A) Exo70A1 RNA expression in different B. napus tissues. Exo70A1 RNA is detected by RNA gel blot analysis in several tissues, with highest levels of

expression in the pistil and lowest levels in the stamens. RNA was extracted from the W1 self-incompatible cultivar.

(B) DNA genotyping of the Exo70A1 RNAi Westar lines. Three independent transgenic B. napus Westar lines, R1 to R3, carrying the SLR1proExo70A1

RNAi construct were generated. The presence of the Exo70A1 RNAi construct in the R1-R3 lines was detected by PCR using sense and antisense

primer combinations. Actin served as a positive control for the PCR reaction. The self-incompatible B. napusW1 line is identified by the presence of the

S910 allele through the PCR detection of the SRK910 gene (Silva et al., 2001). The compatible B. napus Westar (Ws) line does not carry this self-

incompatibility allele.

(C) Exo70A1 expression in the stigmas of the Exo70A1 RNAi Westar lines. All three independent transgenic Exo70A1 RNAi Westar lines, R1 to R3, have

reduced Exo70A1 mRNA levels in the stigmas as shown by RNA gel blot analysis.

(D) The Exo70A1 RNAi Westar lines produce flowers of wild-type appearance.

(E) The Exo70A1 RNAi Westar lines produce wild-type pollen, which in turn produces full seedpods when used in pollinations with wild-type Westar

pistils.

(F) and (G) The Exo70A1 RNAi Westar stigmas, with reduced Exo70A1 expression, have significantly reduced seed production in comparison to Westar

stigmas when pollinated with compatible Westar pollen (t test, P < 0.05). Seedpods (F) and average number of seeds per pod (G) from the Exo70A1

RNAi Westar (R1 to R3) plants. n = 5; error bars indicate 6SE.
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interactions in the Exo70A1 RNAi Westar lines and the RFP:

Exo70A1W1 lineswere observedmore closely to examine pollen

hydration and pollen tube penetration through the stigmatic

surface (Figures 4 and 5). During control compatible B. napus

Westar pollinations, the pollen grains rapidly hydrated within

4 min and continued to increase in diameter up to 10 min

following pollination (Figures 4A to 4C). By contrast, in the control

self-incompatible B. napus W1 pollinations, the pollen grains

displayed very poor hydration due to the activated self-

incompatibility pathway in the stigmatic papillae (Figures 4A,

4H, and 4I). Interestingly, Westar pollen on the Exo70A1 RNAi

Westar stigmas (R1 to R3) exhibited significantly reduced hy-

dration (Figures 4A, 4F, and 4G). By contrast, W1 pollen on the

RFP:Exo70A1 W1 stigmas (S1 and S2) show significant in-

creases in hydration (Figures 4A, 4D, and 4E). Thus, decreasing

the levels of Exo70A1 in Westar stigmas resulted in reduced

pollen hydration in comparison to the Westar compatible control

while increasing Exo70A1 in W1 stigmas resulted in increased

pollen hydration in comparison to the W1 self-incompatible

control.

These results were also confirmed when aniline blue–stained,

pollinated pistils were observed for pollen germination and pollen

tube growth (Figure 5). At 2 h after pollination, control compatible

B. napus Westar pistils had a large number of pollen grains

adhered to the stigma, and these pollen grains had germinated

and produced pollen tubes that penetrated the stigmatic surface

(Figure 5B). By contrast, control self-incompatible B. napus W1

pistils did not have any pollen grains present (as expected) since

the rejected pollen had failed to adhere and were washed away

during the aniline blue staining (Figure 5A). Significantly, and in

contrast with the control pollinations, the Exo70A1 RNAi Westar

stigmas had very few Westar pollen grains present (Figures 5C

and 5D), and the RFP:Exo70A1W1 stigmas had a number of W1

pollen grains adhering to the stigmatic surface (Figures 5E, 5F,

and 5M). Some of the pollen adhering to RFP:Exo70A1 W1

stigmas had germinated to produce pollen tubes (Figures 5E and

5F). Thus, changes in Exo70A1 levels have a dramatic effect on

pollen hydration and germination, affecting one of the earliest

stages known to be blocked by the Brassica self-incompatibility

response.

In addition to blocking pollen hydration, the Brassica self-

incompatibility response can also block any pollen tubes, emerg-

ing from hydrated pollen grains, from penetrating the stigmatic

surface. To investigate whether Exo70A1 has a role in this latter

stage, pollen–stigma interactions in the Exo70A1 RNAi Westar

lines and the RFP:Exo70A1W1 lines were again examined at 8 h

after pollination. While the W1 and Westar controls (Figures 5G

and 5H) remain unchanged compared with 2 h after pollination

(Figures 5A and 5B), Westar pollen on the Exo70A1 RNAi Westar

stigmas were eventually able to germinate (perhaps due to

incomplete RNAi suppression) and produce pollen tubes (Fig-

ures 5I and 5J). However, the pollen tubes appeared quite

Figure 3. Expression of RFP:Exo70A1 in the Stigmas of Self-Incompatible B. napus W1 Disrupts the Self-Incompatibility Response and Leads to

Increased Seed Production.

(A) DNA genotyping of the RFP:Exo70A1 W1 lines. Two independent transgenic B. napus W1 lines, S1 and S2, carrying the SLR1proRFP:Exo70A1 (B.

napus Exo70A1) construct were generated. The presence of RFP:Exo70A1 in the S1 and S2 lines was detected using PCR with primer combinations

specific to the SLR1proRFP:Exo70A1 construct. The self-incompatible B. napusW1 line was identified by the presence of the S910 allele through the PCR

detection of the SRK910 gene (Silva et al., 2001). The compatible B. napus Westar (Ws) line does not carry this self-incompatibility allele.

(B) RFP:Exo70A1 expression in the stigmas of the RFP:Exo70A1W1 lines. The two independent transgenic W1 lines, S1 and S2, express RFP:Exo70A1

in the stigmas, as shown by RT-PCR analysis (32 cycles; two biological replicates and three technical replicates).

(C) and (D) The RFP:Exo70A1-expressing W1 stigmas have significantly increased seed production in comparison to W1 stigmas when pollinated with

self-incompatible W1 pollen (t test, P < 0.05). The RFP:Exo70A1-expressing W1 stigmas also produce full seedpods when pollinated with compatible

Westar pollen, as expected. Seedpods (C) and average number of seeds per pod (D) from the RFP:Exo70A1 W1 (S1 and S2) plants. n = 5; error bars

indicate 6SE.
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stunted andwere blocked frompenetrating the stigmatic surface

(Figures 5I and 5J). The RFP:Exo70A1 W1 lines also had a

number of self-incompatible W1 pollen that gave rise to stunted

pollen tubes (Figures 5K and 5L). Thus, Exo70A1 is also required

for successful pollen tube penetration through the stigmatic cell

wall, and reducing Exo70A1 levels in the stigma prevents the

penetration of compatible Westar pollen tubes. Furthermore, the

overexpression of RFP:Exo70A1 was not able to completely

break down this stage of the self-incompatibility response,

although some pollen tubes successfully penetrated the stig-

matic surface to produce seeds as shown in Figures 3C and 3D.

Exo70A1HasaConservedFunction in theStigmaticPapillae

of Arabidopsis

Having established a critical role ofB. napusExo70A1 inBrassica

pollen–stigma interactions, its role was also examined in Arabi-

dopsis, a self-fertile species in the Brassicaeae. The putative

ortholog for B. napus Exo70A1 is Arabidopsis Exo70A1

(see Supplemental Figures 1A and 1B online). Transgenic Arabi-

dopsis lines carrying an Arabidopsis Exo70A1proGUS (for

b-glucuronidase) construct displayed GUS expression in several

tissues (see Supplemental Figure 3E online) and, interestingly,

have strong GUS activity in the stigma of mature flowers (Figure

6A). This is a typical expression profile for genes that are active in

the stigma during pollen–stigma interactions. Null mutants

for Arabidopsis Exo70A1 were previously shown to be slow-

growing, semidwarf plants with an extended life span and

defects in organ morphogenesis and fertility (Synek et al.,

2006). To examine the pollen–stigma interactions in the Arabi-

dopsis exo70A1 mutants more closely, two independent T-DNA

insertion lines as previously reported by Synek et al. (2006) were

isolated (see Supplemental Figures 3A to 3D online).While Synek

et al. (2006) reported that the Arabidopsis exo70A1 mutant

stigmas were immature in appearance at flower bud opening

(stage 13; Smith et al., 1990), we found that this was variable and

that elongated stigmatic papillae could be observed (Figure 6G;

see Supplemental Figures 3D, 4D, and 4E online). When individ-

ual wild-type Arabidopsis pollen grains were placed on wild-type

stigmatic papillae, 91% of the pollen grains were fully hydrated,

as shown in Figure 6B. Conversely, elongated stigmatic papillae

from the exo70A1mutant lines failed to support wild-type pollen

hydration. Only 45% of the wild-type pollen placed on the

exo70A1 stigmatic papillae showed any hydration, with these

pollen grains being only partially hydrated (Figure 6C).

To confirm that the loss of pollen hydration was correlated with

the loss of Exo70A1, heterozygous exo70A1-1 Arabidopsis

plants were transformed with the SLR1proRFP:Exo70A1 (B.

napus Exo70A1) construct, and two independent lines (S4 and

S14) of homozygous exo70A1-1 mutants expressing RFP:

Exo70A1 in the stigma were recovered (Figures 6D and 6E).

Detailed pollination studies were then performed on stigmas

from Columbia-0 (Col-0), the exo70A1 mutant, and the S4 and

S14 plants transformed with the RFP:Exo70A1 construct with

aniline blue staining, which is used to detect pollen tubes. As

expected for the self-fertile Col-0 control, the stigmas were

covered with adhered pollen grains and numerous pollen tubes

could be detected (Figures 6F and 6I; see Supplemental Figure

4C online). By contrast, when wild-type Col-0 pollen were used

to pollinate the Arabidopsis exo70A1mutant stigmas, the pollen

were largely rejected with very few pollen grains detected

following aniline blue staining (Figures 6G and 6I; see Supple-

mental Figures 4D and 4E online). While the exo70A1 mutant

showed variability in papillar elongation, there was no adherance

of compatible pollen, regardless of whether papillae were short

or elongated (Figures 6G; see Supplemental Figures 4D and 4E

online). The expression of the RFP:Exo70A1 fusion protein in the

exo70A1-1mutant stigmas fully restored the ability of compatible

wild-type Col-0 pollen to adhere to the exo70A1 stigmas and

produce pollen tubes (S14/exo70A1-1; Figures 6H and 6I; see

Supplemental Figures 4G and 4H online). Both the control Col-0

and the rescued S14/exo70A1-1 pollinated pistils produced

large numbers of seeds per silique,while no seedswere detected

in the exo70A1 siliques pollinated with Col-0 pollen (Figures 6J

and 6K). Thus, the Brassica and Arabidopsis Exo70A1 share

conserved functions in the stigma, namely, promoting pollen

hydration and pollen tube growth of compatible pollen, and loss

of Exo70A1 produces a phenotype that is correlated with the

Brassica self-incompatibility response.

Figure 4. Altered Rates of Pollen Hydration on the Exo70A1 RNAi

Westar Stigmas and the RFP:Exo70A1-Expressing W1 Stigmas.

(A) Pollen hydration was detected by measuring the increasing pollen

grain diameters (mM) measured at 0, 4, and 10 min after pollination. The

Exo70A1 RNAi Westar (R1 to R3) and control Westar (Ws) stigmas were

pollinated with compatible Westar pollen. The RFP:Exo70A1-expressing

W1 (S1 and S2) and control W1 stigmas were pollinated with self-

incompatible W1 pollen. n > 20; error bars are 6SE.

(B) to (I) Representative images of hydrating pollen grains are shown at 0

and 10 min after pollination for a Westar stigma ([B] and [C]), an RFP:

Exo70A1-expressing W1 stigma from the S2 line ([D] and [E]), an

Exo70A1 RNAi Westar stigma from the R2 line ([F] and [G]), and a W1

stigma ([H] and [I]). Bars = 20 mm.
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Exo70A1 Is Localized to the PlasmaMembrane of Mature

Stigmatic Papillae and Disappears from the Plasma

Membrane Following Compatible Pollinations

Having established that RFP:Exo70A1 (B. napus Exo70A1) can

rescue the stigmatic defect in the Arabidopsis exo70A1mutants,

we then examined where the RFP:Exo70A1 is localized in the

stigma during pollinations. As the Arabidopsis stigmatic papillae

are smaller and less dense than those of Brassica, the RFP

fluorescence from the elongated papillae could readily be visu-

alized in these lines using confocal microscopy. Segregating

progeny from heterozygous exo70A1-1 Arabidopsis plants

transformed with the RFP:Exo70A1 construct were genotyped

to identify both the wild type (S14/Col-0) and homozygous

mutant (S14/exo70A1-1) (Figure 7). Confocal imaging of unpolli-

nated S14/Col-0 stigmas revealed RFP fluorescence localized to

the plasma membrane of stigmatic papillae from freshly opened

flowers (stage 13; Figures 7A and 7B). Interestingly, the plasma

membrane localization of RFP:Exo70A1 is only achieved at

maturity as an examination of stigmas from unopened flower

buds (stage 12) revealed RFP fluorescence localized to internal

punctate structures, a staining pattern reminiscent of Golgi

(Figure 7C) (Boevink et al., 1998). In other systems, Exo70

functions as a spatial landmark at the plasma membrane for

the assembly of the exocyst complex, which in turn tethers

secretory vesicles for exocytosis (Boyd et al., 2004). Thus, the

plasma membrane localization of RFP:Exo70A1 in mature stig-

matic papillae is consistent with Exo70 functioning as a spatial

landmark. The localization of RFP:Exo70A1 was also examined

in S14/exo70A1-1, and RFP:Exo70A1 was found to localize to

the plasma membrane, though to a lesser extent than for S14/

Col-0 with some internal punctate structures remaining (Figure

7D). Since the SLR1 promoter was used to drive the expression

of RFP:Exo70A1 in the exo70A1 homozygous mutants, only the

stigmatic fertility defect is fully restored in these plants (Figure 6).

The overall growth defect remains in these plants (Synek et al.,

2006) (see Supplemental Figure 3C online) and may be related to

some of the RFP:Exo70A1 remaining within the cells.

The plasma membrane localization of RFP:Exo70A1 was

verified by crossing the S14/Col-0 line to a green fluorescent

protein (GFP):d-TIP vacuolar marker line, since the vacuolar

membrane can often be in close proximity to the plasma

Figure 5. Altered Pollen Germination and Pollen Tube Growth on the

Exo70A1 RNAi Westar Stigmas and the RFP:Exo70A1-Expressing W1

Stigmas.

(A) to (L) Pollen attachment and pollen tube growth at 2 h ([A] to [F]) and

8 h ([G] to [L]) following pollination. The Exo70A1 RNAi Westar R2 and R3

stigmas ([C], [D], [I], and [J]) and control Westar (Ws) stigmas ([B] and

[H]) were pollinated with compatible Westar pollen. The RFP:Exo70A1

W1 S1 and S2 stigmas ([E], [F], [K], and [L]) and control W1 stigmas ([A]

and [G]) were pollinated with self-incompatible W1 pollen. Differential

interference contrast (DIC) images and images of aniline blue–stained

pistils are shown. The aniline blue fluorescence from the stigma and

pollen tubes are shown in green and overlaid with the red autofluo-

rescence from pollen grains. The Exo70A1 RNAi Westar stigmas support

a reduced attachment of Westar pollen grains as well as reduced pollen

tube growth ([C], [D], [I], and [J]). The RFP:Exo70A1-expressing W1

stigmas support increased attachment of self-incompatible W1 pollen as

well as increased pollen tube growth ([E], [F], [K], and [L]). Bars = 100mm.

(M) Average number of self-incompatible W1 and compatible Westar

pollen grains attached to the RFP:Exo70A1-expressing W1 stigmas. The

number of pollen grains present on the RFP:Exo70A1-expressing W1

stigmas (S1 and S2) was counted 8 h following either a Westar or W1

pollination. The expression of RFP:Exo70A1 causes a significant in-

crease in the number of self-incompatible W1 pollen grains attaching to

the S1 and S2 stigmas in relation to W1 stigmas (t test, P < 0.05; n = 4).
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Figure 6. The Arabidopsis Exo70A1 Gene Shares a Conserved Function with B. napus Exo70A1 in the Stigma during Pollen–Stigma Interactions.

(A) Arabidopsis Exo70A1proGUS shows strong GUS expression in stigmatic tissues. Bar = 250 mm.

(B) and (C) Pollen hydration on an Arabidopsis Col-0 or exo70A1 stigmatic papilla. Pollen hydration was observed following the placement of a single

wild-type Col-0 pollen grain on top of either a wild-type Col-0 (B) or exo70A1-1 (C) stigmatic papilla using a micromanipulator. Images are shown at 0.5

and 11 min after pollination. Pollen grain hydration is impaired on the exo70A1-1 mutant stigma, while full hydration is observed for the wild-type

compatible Col-0 stigma. Bars = 10 mm.

(D) DNA genotyping of the RFP:Exo70A1-expressing Arabidopsis lines. Two independent transgenic Arabidopsis lines, S4 and S14, carrying the

SLR1proRFP:Exo70A1 construct were generated. This construct was introduced into a heterozygous Exo70A1/exo70A1-1 Arabidopsis plant (see

Supplemental Figures 3A to 3D online), and transformed heterozygous plants were recovered. The next generation was then screened for segregating

wild-type Col-0 and homozygous exo70A1-1 plants carrying the RFP:Exo70A1 construct. The presence of RFP:Exo70A1 in the S4 and S14 lines was

detected by PCR using sense and antisense primer combinations. The exo70A1-1 Arabidopsis plants were identified by the presence of T-DNA (see

Supplemental Figures 3A and 3B online). The undisrupted Exo70A1 gene (gExo70A1) was detected using gene-specific primers.

(E) RFP:Exo70A1 expression in the pistils of the RFP:Exo70A1 Arabidopsis lines. The two independent transgenic Arabidopsis lines, S4 and S14,

express RFP:Exo70A1 in the pistils, as shown by RT-PCR analysis (28 cycles; two biological replicates and four technical replicates).

(F) to (H) Pollen attachment and pollen tube growth in Arabidopsis pistils from a wild-type Col-0 (F), exo70A1-1 mutant (G), and the exo70A1-1mutant
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membrane in stigmatic papillae (Figure 7E; see Supplemental

Figure 5A online). The green fluorescence from the GFP:d-TIP

marker outlines the membranes of the central vacuole as well as

the apical vacuolar network (previously described in Iwano et al.,

2007). Figure 7E shows a tip of a stigmatic papilla where the GFP

fluorescence from the vacuolar membranes are distinct from the

plasma membrane–localized RFP:Exo70A1. Furthermore, the

S14/Col-0 line was crossed to a ST:GFP Golgi marker line to

examine the Golgi-like RFP:Exo70A1 punctate structures in

immature stigmatic papillae, and colocalization was observed,

indicating that these structures are Golgi (Figure 7F; see Sup-

plemental Figures 5C to 5E online). Finally, the RFP:Exo70A1

localization pattern was examined following compatible pollina-

tions in the wild-type S14/Col-0 stigmatic papillae. After several

minutes, we consistently observed that the RFP fluorescence

disappeared from the plasma membrane in stigmatic papillae

that were in contact with Col-0 pollen. Examples of this are

shown in Figures 7G and 7H, where at 8 and 10 min after

pollination, the RFP:Exo70A1 cannot be detected in the plasma

membrane of stigmatic papillae that are in contact with the pollen

grains, while the neighboring unpollinated stigmatic papillae

appear to be unchanged. Thus, there are substantial changes

in the subcellular distribution of RFP:Exo70A1 following a com-

patible pollination.

Activation of SRK and ARC1 Results in the Proteasomal

Localization of Exo70A1 in Tobacco BY-2 Cells

Given the critical role of Exo70A1 in the stigmatic papillae in the

early stages following compatible pollinations, Exo70A1 would

be an effective target for the self-incompatibility pathway to

promote pollen rejection. Given ARC1’s activity as an E3 ligase,

its ability to bind and ubiquitinate Exo70A1, and the fact that

ARC1 localizes to the proteasome in BY-2 suspension cells in the

presence of active SRK (Stone et al., 2003), we tested whether

ARC1 could target Brassica Exo70A1 to the proteasome. Con-

structs generated with different epitope tags at the N terminus of

each protein (Figure 8A) were transiently expressed in BY-2 cells

and followed by fluorescence microscopy to determine subcel-

lular localization patterns. BothGFP:ARC1 andRFP:Exo70A1, as

well as the RFP control, were predominantly distributed through-

out the cytosol when expressed either alone or together (Figures

8B to 8K). When a constitutively active SRK kinase domain was

added as a GST:kinase fusion, there was no effect on the RFP

control (Figures 8L and 8M), but a redistribution of both ARC1

and Exo70A1 to punctate structures generally around the per-

inuclear region was observed (Figures 8N to 8R). A similar

pattern was also seen when Arabidopsis Exo70A1 was coex-

pressed with ARC1 and GST:SRK (Figures 8S to 8W). The

proteasomal subunit, RPT2A, was found to colocalize to these

punctate structures with Exo70A1 (Figures 9A to 9D), and this

pattern overlapped with the Concanavalin A marker for the

endoplasmic reticulum (Figures 9E to 9H). Two endosomal

markers were also tested; Syp21, a marker for the late endo-

some/prevacuolar compartment, and Syp42, which resides in

the trans-Golgi network (Sanderfoot et al., 2001; Samaj et al.,

2005). While Syp42 did not colocalize with the Exo70A1/ARC1

subcellular structures (Figure 9P), there was some overlap with

the Syp21 marker (Figure 9H). Thus, these results suggest that

SRK triggers the relocalization of both ARC1 and Exo70A1 to

endoplasmic reticulum–associated proteasomes and that

there may be some association between the ARC1 and

Exo70A1 proteins with the late endosome/prevacuolar com-

partment.

DISCUSSION

In the Brassicaceae, a complex pollen recognition system is

present in the stigma to ensure that stigmatic resources are only

provided to compatible pollen grains. In addition, the self-

incompatibility response is superimposed on this pathway to

prevent self pollen from being accepted, and this has been

proposed to occur by disrupting compatible pollen–stigma in-

teractions (Dickinson, 1995). While many players in the Brassica

self-incompatibility response have been identified (Takayama

and Isogai, 2005), the molecules and mechanism underlying this

response and its ability to interrupt compatibility signaling has

remained unresolved thus far. We previously showed that the

ARC1 E3 ligase functions as a downstream substrate for SRK

and suppression of ARC1 in self-incompatible W1 lines led to

partial breakdown of self-incompatibility (Gu et al., 1998; Stone

et al., 1999, 2003). In this study, we have identified Exo70A1 as

an interactor and substrate for ARC1.

Figure 6. (continued).

expressing RFP:Exo70A1 (S14/exo70A1-1) (H). All pistils were pollinated with compatible Arabidopsis Col-0 pollen and then stained with aniline blue to

visualize the pollen attachment and pollen tube growth. As expected, abundant pollen tube growth is observed on the compatible wild-type Col-0

stigma. The exo70A1-1mutant stigma does not support any pollen attachment or pollen tube growth, and only background fluorescence is observed in

the aniline blue–stained stigma. The expression of RFP:Exo70A1 in the exo70A1-1 stigma rescues this defect and restores pollen attachment and pollen

tube growth. Bars = 50 mm.

(I) Average number of attached compatible Col-0 pollen grains on stigmas from wild-type Col-0, the exo70A1-1 mutant, or the exo70A1-1 mutant

expressingRFP:Exo70A1 (S14/exo70A1-1) (n = 5; error bars indicate6SE). The number of adhered pollen for the exo70A1-1mutant is significantly lower

than for either Col-0 or S14/exo70A1-1 (t test, P < 0.05), while the results for the rescued S14/exo70A1-1 stigmas are not significantly different from

those for Col-0 (t test, P > 0.05).

(J) and (K) Average number of seeds per silique ([J]; n = 7) and siliques (K) from Col-0, exo70A1-1, and the exo70A1-1mutant expressing RFP:Exo70A1

(S14/exo70A1-1) pistils following a Col-0 pollination. Following a compatible Col-0 pollination, no seeds are produced from exo70A1-1 mutant pistils,

while the expression of RFP:Exo70A1 in the exo70A1-1mutant stigma restores full seed production. Seed set values for Col-0, the exo70A1-1mutant,

and S14/exo70A1-1 are all significantly different from each other (t test, P < 0.05).
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Exo70 is a subunit of the exocyst complex, which functions in

regulated or targeted vesicle trafficking to the plasmamembrane

in yeast and animal systems (Munson and Novick, 2006; He and

Guo, 2009). Various processes regulated by the exocyst include

polarized exocytosis during yeast budding, neurite outgrowth,

insulin-stimulated trafficking of the GLUT4 transporter to the

plasma membrane in adipocyte cells, and selective tethering of

vesicles to the apical or basolateral membranes in polarized

epithelial cells (Lipschutz and Mostov, 2002; EauClaire and Guo,

2003; Folsch et al., 2003; Inoue et al., 2003; Oztan et al., 2007).

Figure 7. Characterization of RFP:Exo70A1 Lines in Col-0 and the exo70A1-1 Mutant Background.

RFP and RFP/DIC merged images of stigmas from different stages are marked.

(A) and (B) In mature stigmas (stage 13) from the S14/Col-0 line, RFP:Exo70A1 is found at the plasma membrane.

(C) In immature stigmas (stage 12) from the S14/Col-0 line, RFP:Exo70A1 is localized to internal structures that are reminiscent of Golgi.

(D) In the S14/exo70A1-1 mature stigmas, RFP:Exo70A1 is localized to the plasma membrane, but some also remains inside the cells.

(E) A stage 13 Col-0 stigmatic papilla expressing both RFP:Exo70A1 and a GFP:d-TIP vacuolar marker. The GFP:d-TIP marker outlines the membranes

of the central vacuole as well as the vacuolar network in the apical region. The localization of the GFP:d-TIP marker is distinct from that of RFP:Exo70A1,

which confirms the plasma membrane localization of RFP:Exo70A1.

(F) Stage 12 Col-0 stigmatic papillae expressing both RFP:Exo70A1 and a ST:GFP Golgi marker. The ST:GFP Golgi marker overlaps with RFP:Exo70A1,

confirming the Golgi localization of RFP:Exo70A1 in immature stigmatic papillae.

(G) and (H) Following a Col-0 pollination, RFP:Exo70A1 disappears from the plasma membrane in the S14/Col-0 lines.

(G) A pollinated stigma at 8 min after pollination.

(H) A different pollinated stigma at 10 min after pollination. The RFP image on the left and the corresponding merged image show an area with several

attached pollen grains, while the right RFP image and the corresponding merged image show an area with a single attached pollen grain. Note the

absence of RFP fluorescence at the plasma membrane in papillae that are in contact with a pollen grain.

Bars = 50 mm in (A), 20 mm in (B) to (D), (G), and (H), and 10 mm in (E) and (F).
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Figure 8. The Effect of SRK and ARC1 on the Subcellular Localization of Exo70A1 in BY-2 Cells.

(A) Schematics of different constructs used to transiently transform tobacco BY-2 cells using particle bombardment. Full-length coding regions were

fused to different tags, except for SRKA14, where the cytosolic kinase domain was fused to GST as described by Stone et al. (2003). Bn, Brassica napus;

At, Arabidopsis thaliana.

(B) to (E) Single transformations with either GFP:ARC1 ([B] and [C]) or RFP:Exo70A1 (B. napus Exo70A1) ([D] and [E]). Cytosolic localization is observed

for both fusion proteins.

(F) to (I) Double transformation and coexpression of GFP:ARC1 and RFP:Exo70A1 (B. napus Exo70A1). Cytosolic localization is observed for both

proteins.

(J) and (K) Control double transformation and coexpression of GFP:ARC1 and RFP alone.

(L) and (M)Control triple transformation and coexpression of GST:SRK (kinase domain only), GFP:ARC1, and RFP alone. The coexpression of the active

GST:SRK causes ARC1 to localize to punctate perinuclear structures as previously published (Stone et al., 2003; Samuel et al., 2008) but has no effect

on RFP. GST:SRK remains cytosolic, as previously published (Stone et al., 2003; Samuel et al., 2008).

(N) to (R) Triple transformation and coexpression of GST:SRK (kinase domain only), GFP:ARC1, and RFP:Exo70A1 (B. napus Exo70A1). Subcellular

localization of Exo70A1 and ARC1 to the perinuclear region is observed. GST:SRK remains cytosolic.

(S) to (W) Triple transformation and coexpression of GST:SRK (kinase domain only), GFP:ARC1, and RFP:Exo70A1 (Arabidopsis Exo70A1). Subcellular

localization of Arabidopsis Exo70A1 and ARC1 to the perinuclear region is also observed.

Black dots in the DIC images are the tungsten particles used for the bombardments. Areas of white in the merged images indicate overlapping

localization patterns. Bars = 10 mm.
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The exocyst complex consists of eight individual subunits: Sec3,

Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 (Guo et al.,

1999; Matern et al., 2001). In plants, the role of the exocyst is not

as well established, though plant genomes are known to contain

genes predicted to encode all eight exocyst subunits, and

evidence is accumulating that the plant exocyst complex has

similar functions to those seen in yeast and animal systems

(Zárský et al., 2009). Interestingly, in contrast with mammalian

and yeast counterparts, the majority of the predicted plant

exocyst subunits exist as multiple copies with only a few of

these genes having assigned functions (Synek et al., 2006; Hala

et al., 2008; Chong et al., 2009).

Several Arabidopsis exocyst subunit genes, Sec5, Sec6,

Sec8, Sec15a, and Exo70A1, have been found to play a role in

polarized pollen tube growth (Cole et al., 2005; Hala et al., 2008),

root hair elongation (Wen et al., 2005), and polar growth and

development (Synek et al., 2006). Synergistic interactions be-

tween various exocyst subunits have also been observed when

mutant combination of the various exocyst subunits enhanced

the severity of the short hypocotyl phenotype seen in the

exo70A1 single mutants (Synek et al., 2006; Hala et al., 2008).

Also, recent evidence demonstrated the assembly of the Arabi-

dopsis exocyst subunits as a complex, and the increased local-

ization of Sec6, Sec8, and Exo70A1 at the tip of the growing

pollen tube (Hala et al., 2008). We have now uncovered a role for

Exo70A1 in the stigma in response to compatible pollen, in

addition to the other biological roles previously identified in

experiments using the exo70A1 mutant (Synek et al., 2006).

Figure 9. The Subcellular Localization of B. napus Exo70A1 in BY-2 Cells in Relation to Different Marker Proteins.

(A) to (D) Quadruple transformation and coexpression of RFP:RPT2A with GFP:Exo70A1, myc:ARC1, and GST:SRK. Exo70A1 colocalizes with the

proteasomal subunit, RPT2A.

(E) to (H) Triple transformations and coexpression of GST:SRK, myc:ARC1, and GFP:Exo70A1, followed by ConA-594 staining. Concanavalin A stains

the endoplasmic reticulum and overlaps with the Exo70A1/ARC1 subcellular structures.

(I) to (P) Quadruple transformations and coexpression of GST:SRK, myc:ARC1, RFP:Exo70A1, and either GFP:Syp21 ([I] to [L]) or GFP:Syp42 ([M] to

[P]). Syp21 is a marker for the late endosome/prevacuolar compartment, and Syp42 was shown to reside in the trans-Golgi network (Sanderfoot et al.,

2001; Samaj et al., 2005). There is a bit of overlap of the Exo70A1/ARC1 subcellular structures with Syp21.

GST:SRK remains cytosolic, andmyc:ARC1 colocalizes with Exo70A1 to the punctate structures as shown in Figures 8N to 8R and previously published

(Stone et al., 2003). Black dots in the DIC images are the tungsten particles used for the bombardments. Areas of white in the merged images indicate

overlapping localization patterns. Bars = 10 mm.
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Through a functional analysis of Exo70A1 in both compatible

and incompatible B. napus lines, as well as compatible Arabi-

dopsis, we have unraveled a number of aspects of Exo70A1

function during pollen–stigma interactions. First, Exo70A1 was

found to be a novel factor required in the stigma for compatible

pollinations. The suppression of Exo70A1 expression in the

stigma was correlated with a loss of compatible pollen recogni-

tion and, furthermore, mimicked the self-incompatibility rejection

response (reduced pollen hydration and pollen tube growth).

Also, this defect in the stigmas of Arabidopsis exo70A1 null

mutants can be rescued by the stigma-specific expression of

Exo70A1. This role was found in both Brassica and Arabidopsis,

which diverged over 20 million years ago (Schranz et al., 2007)

and thus suggests an evolutionarily conserved function for

Exo70A1 in the dry stigmas of the Brassicaceae. Second, our

work revealed a mechanism by which the self-incompatibility

response targets compatibility factors to cause pollen rejection

(likely viaARC1-mediatedubiquitinationof Exo70A1).An increased

level of B. napus Exo70A1 in the stigmas of self-incompatible

W1 plants was able to partially overcome self-incompatibility,

indicating that this pathway negatively regulates Exo70A1.

In the Brassicaceae, genetic screens have been largely un-

successful in identifying stigmatic factors that are required at the

early stages of compatible pollen recognition and acceptance

(Edlund et al., 2004). This may be explained by these compat-

ibility factors in the stigma having a more ubiquitous expression

and role, such as that seen for Exo70A1 (Synek et al., 2006).

Interestingly and in contrast with this, the genes encoding self-

incompatibility factors, such as SRK and ARC1, have evolved a

stigma-specific pattern of expression (Gu et al., 1998; Takasaki

et al., 2000). The requirement of Exo70A1 for early stigmatic

responses to compatible pollen points to the potential involve-

ment of polarized secretion for delivering stigmatic resources to

the site of pollen attachment (for pollen hydration and pollen tube

penetration through the stigmatic cell wall). We propose that this

occurs through the activation of the exocyst’s function at the

plasma membrane for vesicle tethering and fusion. It is interest-

ing that we only observed Exo70A1 localization to the plasma

membrane of stigmatic papillae in fully developed flowers and is

consistent with a stigmatic papillar function of responding to

pollen upon flower opening. The presence of Exo70A1 along the

entire papillar plasma membrane suggests that another regula-

tory event occurs at the pollen contact site to promote localized

exocyst assembly and vesicle docking. This is supported by the

observed disappearance of Exo70A1 from the plasma mem-

brane following pollen contact. In yeast, Sec3p and Exo70 mark

the sites on the plasma membrane where exocyst assembly will

occur through actin-dependent trafficking of six other exocyst

subunits to mediate vesicle tethering (Boyd et al., 2004). For the

insulin-stimulated glucose uptake in adipocyte cells, there is also

a highly regulated process of exocyst complex tethering

of preloaded GLUT4 glucose transporter-containing vesicles to

the plasma membrane (Inoue et al., 2003). Insulin perception

results in the activation of the TC10 G-protein, which in turn

leads to the relocalization of Exo70 to lipid raft domains in the

plasma membrane. The exocyst complex is then assembled and

tethers GLUT4 vesicles to the plasma membrane (Inoue et al.,

2003, 2006).

The proposed role for Exo70A1 in the polarized secretion of

stigmatic papillar resources to the compatible pollen grain is

highly consistent with the dry stigma system, and a reasonable

model would be the delivery of vesicles containing aquaporins

for increased water permeability (to allow pollen hydration), as

well as cell wall–modifying enzymes (to allow pollen tube pen-

etration through the stigma). In the self-incompatibility response,

the inhibition of Exo70A1 would prevent these putative vesicles

from fusingwith the plasmamembrane and result in the rapid and

effective rejection of self pollen. However, the question does

arise as to whether vesicular transport to the pollen attachment

site occurs in the stigmatic papilla. In Brassica, previous studies

have discovered that, following the treatment of the stigmawith a

compatible pollen coat extract, there is an accumulation of

vesicle-like structures and a rapid expansion of the outer cell wall

layer in the stigmatic papillae (Elleman and Dickinson, 1990,

1996). The vesicle-like structures accumulated in the apoplast,

and this response was independent of de novo protein synthesis

(Elleman and Dickinson, 1990, 1996). This suggests a posttrans-

lational cellular event, consistent with the idea of preloaded

vesicles being targeted for secretion. Also, the rapid expansion

of the outer cell wall layer may be due to released enzymes

modifying the cell wall for pollen tube growth through the papillar

cell wall. Interestingly, in renal-collecting duct cells, components

of the exocyst have been associated with intracellular vesicles

carrying aquaporins, which are thought to fuse with the plasma

membrane to increase water permeability (Barile et al., 2005).

A more recent observation has been the vacuolar movement in

the stigmatic papilla in response to compatible pollen (Iwanoet al.,

2007). The vacuolar network was found to orient itself toward the

compatible pollen attachment site, and the vacuolar changes

were dependent upon an establishment of filamentous actin

bundles in the stigmatic papilla, in close proximity to the pollen

attachment site (Iwano et al., 2007). By contrast, self-incompatible

pollinations were associated with a decrease in actin bundles and

disruption of the vacuolar network in the stigmatic papilla (Iwano

et al., 2007). Whether Exo70 and the exocyst complex are directly

participating in the movement of the vacuolar network remains

to be determined. In summary, we have identified Exo70A1 as a

key protein at the interface of the pollen compatibility and self-

incompatibility response pathways in the stigma.

METHODS

Yeast Two-Hybrid Screen, in Vitro Binding, and

Ubiquitination Assays

To identify potential substrates regulated by ARC1, different domains of

ARC1 were used to screen a pistil cDNA yeast two-hybrid library as

previously described (Gu et al., 1998), and a single positive interaction

was isolated with the ARC1 N-terminal domain (which is thought to serve

as a potential substrate binding domain; Stone et al., 2003). Using BLAST

searches at the National Center for Biotechnology Information and The

Arabidopsis Information Resource, the Brassica napus cDNA was pre-

dicted to encode a protein with sequence similarity to Exo70s and was

named Exo70A1 due to its highest sequence similarity to Arabidopsis

thaliana Exo70A1 (see Supplemental Figures 1A and 1B online). The

amino acid sequence alignment of B. napus Exo70A1 to Arabidopsis

Exo70A1 was generated from the BLAST searches and edited manually.
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For in vitro binding studies, His6:Exo70A1:FLAG (B. napus Exo70A1)

and GST:ARC1 fusion proteins were expressed in Escherichia coli BL21

(DE3)pLysS cells and purified using Ni-NTA agarose beads (Novagen) or

GSH agarose beads (Sigma-Aldrich), respectively, as previously de-

scribed (Gu et al., 1998). Binding assays were set up using 0.5 mg of His6:

Exo70A1:FLAG and 0.3 mg of either GST or GST:ARC1 as previously

described. Protein gel blot analyses were performed using rabbit anti-

ARC1, mouse anti-His (Novagen), mouse anti-FLAG (Sigma-Aldrich), or

rabbit anti-GST (Santa Cruz) primary antibodies and anti-rabbit or anti-

mouse secondary antibodies (KPL), followed by detection with the

Enhanced Chemiluminescence Detection Kit (GE Amersham).

Ubiquitination of purified His6:Exo70A1:FLAG protein by GST:ARC1

was performed as previously described (Stone et al., 2003) using the

Arabidopsis E2 enzyme, UBC7, and the yeast E1 enzyme. The ubiquiti-

nation assays were fractionated on a 7% SDS-PAGE gel followed by

protein gel blot analysis using anti-FLAG antibodies (Sigma-Aldrich).

B. napusWestar andW1 Transgenic Lines

B. napus transgenic lines were created as previously described (Stone

et al., 1999). For the Exo70A1RNAiWestar lines, PCRwas used to tailor a

double-stranded RNAi construct (Samuel and Ellis, 2002), using the

N-terminal 678 nucleotides of the B. napus Exo70A1 open reading frame,

behind the strong stigma-specific SLR1 promoter (Franklin et al., 1996;

Fobis-Loisy et al., 2007). The binary vector p1665 containing the SLR1

promoter was digested with SmaI andBamHI to ligate the RNAi construct

(for primers, refer to Supplemental Table 1 online). Kanamycin-positive

primary transformantswere analyzed for reduced Exo70A1 expression by

RNA gel blot analysis as previously described (Stone et al., 1999). These

lines were also analyzed for pollen adhesion, pollen tube growth, and

seed set as described previously (Stone et al., 1999). The R2 and R3

Exo70A1 RNAi Westar lines were analyzed in the T2 generation as well,

and they displayed the same pollen rejection traits observed in the T1

plants. Pollinations for aniline blue staining were performed as previously

described (Stone et al., 1999). The aniline blue fluorescencewas captured

as gray-scale images, colored green, and overlaid with the red auto-

fluorescence obtained from pollen. For the hydration experiments, ped-

icels of newly opened flowerswere immersed inwater and pollen grains (6

to 10) were added on the top of the stigma. Pollen hydration was tracked

using a LeicaMZ16 stereomicroscope, and images were captured from a

polar view for 10 min using a Leica camera with the LAS v.2.5.OR1

program. These images were processed through ImageJ to measure the

principal diameter of the pollen grains during the hydration process.

For the RFP:Exo70A1 W1 lines, the B. napus Exo70A1 open reading

frame fused to RFPwas subcloned behind a binary vector containing the

SLR1 promoter and transformed into W1 plants using Agrobacterium

tumefaciens–mediated transformation. Transgenic lines were screened

and analyzed as described above. Expression was analyzed by RT-PCR

using primers to specifically detect the RFP:Exo70A1 mRNA, and actin

was used as a positive control. For RT-PCR, total RNAwas isolated from

the stigmas from various transgenic and control plants and used to

synthesize cDNA through oligo(dT)-mediated reverse transcription.

From this, 1 mL of cDNA was used for PCR using gene-specific primers

(see Supplemental Table 1 online). RT-PCR products were visualized

using ethidium bromide. Confocal microscopy was also used to exam-

ine the localization pattern of RFP:Exo70A1, but the expression levels

were not high enough to visualize the RFP fluorescence in the dense

Brassica stigmatic papillae. The same construct gave successful con-

focal results in the more transparent Arabidopsis stigmatic papillae (see

below).

For protein gel blotting using anti-RFP antibodies, stigmatic proteins

were extracted from either unpollinated or pollinated pistils from the

transgenic RFP:Exo70A1 W1 S1 line, and pollinations were performed

with either self-incompatible W1 pollen or compatible Westar pollen.

Protein extracts were fractionated on a 7% SDS-PAGE gel and probed

with anti-RFP antibodies.

Arabidopsis exo70A1 T-DNA Insertion Lines

Two SALK T-DNA insertion lines for Exo70A1 were analyzed as shown in

Supplemental Figures 3A to 3D online. These lines were previously

reported by Synek et al. (2006) as having defects in the elongation of

stigmatic papillae in flowers from 8-week-old plants. We observed that

the stigmas showed variability in stigmatic papillar elongation at flower

bud opening (see Supplemental Figures 4D and 4E online) and found that

the exo70A1 mutants would produce more fully elongated stigmatic

papillae when the plants were misted daily. For the pollen hydration

studies, stage 12 flowers from Col-0 plants were emasculated and

covered with plastic wrap overnight to allow flower development to stage

13 (Smith et al., 1990). For the exo70A1-1 plants, the largest buds (which

would roughly represent stage 12 flowers) were emasculated and left

overnight, and stigmas with elongated papillae were used for the hydra-

tion studies. Since the exo70A1-1 plants are sterile, pistils from open

flowers were also tested, yielding the same results.

Pistils were excised and mounted on a microscope slide using double-

sided tape. An individual Col-0 pollen grain was placed on a stigmatic

papilla using a Sisikiyou Designs 7600micromanipulator. The pollen grain

was then monitored using an inverted Olympus IX51 microscope with a

310 objective, and images were acquired with a CCD camera (Roper

Scientific) using ImageMaster. Pollinations were conducted under low-

humidity conditions (relative humidity below 35%, as monitored with a

digital hygrometer [VWR 35519-044]; n = 11).

Arabidopsis RFP:Exo70A1 Transgenic Lines

The SLR1proRFP:Exo70A1 (B. napus Exo70A1) construct was used to

transform heterozygous Exo70A1/exo70A1-1 Arabidopsis plants using

the floral dip method (Clough and Bent, 1998). The segregating T0 seeds

were selected on kanamycin and genotyped to isolate wild-type and

exo70A1-1mutant plants expressingRFP:Exo70A1. Two of the strongest

lines, S4 and S14, were used to analyze the rescue of pollen adherence,

pollen tube growth, and seed set following pollination with wild-type

Col-0 pollen. Controlled pollinations were performed using pistils from

Col-0, exo70A1-1, and RFP:Exo70A1/exo70A1-1 plants to assess pollen

adhesion, pollen tube growth, and seed set using Col-0 pollen. Stage 12

flowers were emasculated and covered with plastic wrap for 24 h, hand-

pollinated with Col-0 pollen, and rewrapped again in plastic wrap for 24 h.

For pollen adhesion and pollen tube growth studies, the pistils were then

stained with aniline blue and observed with an epifluorescence micro-

scope. For seed production, the coverings were removed, and the

siliques were allowed to mature (10 to 12 d). Mature siliques were

opened, and seeds/fertilized ovules were counted.

Confocal Microscopy

For the staining of Arabidopsis Col-0 and exo70A1-1 pistils with FM1-43,

stage 11 flowers fromCol-0 and exo70A1-1 plantswere emasculated and

covered with a plastic wrap for a 16-h period. The prepared pistils were

mounted in half-strengthMurashige and Skoog buffer containing FM1-43

(1 mg/mL) followed by confocal imaging using an LSM510 (Carl Zeiss)

Zeiss 63X Plan-Apochromat oil-immersion objective.

For the confocal microscopy of wild-type and exo70A1-1 plants

expressing RFP:Exo70A1, the flowers were emasculated similarly, left

for various lengths of time, mounted in Vectashield mounting medium

(Vector Laboratories; H-1000), and observed using an LSM510 (Carl

Zeiss) 403 oil-immersion objective. For postpollination experiments,

stigmas were pollinated with Col-0 pollen prior to mounting and viewing.

Arabidopsis GFP marker lines for the Golgi, vacuole, and plasma
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membrane (Cutler et al., 2000; Saint-Jore et al., 2002) were crossed with

the RFP:Exo70A1 S14/Col-0 plants to obtain lines with both the GFP-

marked compartment and RFP:Exo70A1.

Arabidopsis Exo70A1proGUS Analysis

A 2.5-kb sequence upstream of the Arabidopsis Exo70A1 coding region

was amplified from Arabidopsis genomic DNA and placed in front of the

GUS coding sequence of the plant expression vector pCAMBIA1391Z.

This construct was mobilized into Agrobacterium GV3101, followed by

Agrobacterium-mediated transformation of wild-type Col-0 plants using

the floral dip method (Clough and Bent, 1998). The hygromycin-resistant

transformants were screened for GUS expression at various growth

stages. In brief, tissues were infiltrated with GUS buffer for 20 min,

followed by incubation for 1 h at 378C. The samples were then washed in

100% ethanol, mounted with a 8:2:1 mixture of chloral hydrate:water:

glycerol, and viewed under a LeicaMZ16 stereomicroscope.

Tobacco BY-2 Cell Transformation and

Epifluorescence Microscopy

Biolistic-mediated transformation of log-phase BY-2 suspension-

cultured cells was performed as described (Stone et al., 2003; Samuel

et al., 2008). Single transformations were performed with a total of 10 mg

of purified plasmid DNA, and cobombardments used 10 to 15 mg of total

plasmids combined (with equal quantities of each plasmid). Following

transformations, BY-2 cells were left in the dark and then harvested at 20

h postbombardment, fixed, and either visualized directly for fluorescent

proteins or treated with antibodies to detect epitope-tagged proteins as

described (Stone et al., 2003; Samuel et al., 2008). Constructs used are

shown in Figure 8. Full-length ARC1 was fused to myc or GFP, while full-

length Exo70A1 was fused to RFP or GFP, and GST:SRKA14 was used as

previously described (Stone et al., 2003). Full-length RPT2A was ampli-

fied from Arabidopsis leaf cDNA and cloned as an RFP fusion. RFP:

RPT2A is a proteasomal ATPase subunit. The ER marker, Concanavalin

A-594 conjugate (Molecular Probes), was used at a final concentration of

100 mg/mL for the colocalization experiments. The Syp21 and Syp42

marker plasmids are from Uemura et al. (2004).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under the following accession

numbers: B. napus Exo70A1 (GQ503256) and Arabidopsis Exo70A1

(NM_001125690; At5g03540).
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