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Pollen tubes deliver sperms to the ovule for fertilization via tip growth. The rapid turnover of F-actin in pollen tube tips plays an
important role in this process. In this study, we demonstrate that Arabidopsis thaliana RIC1, a member of the ROP-interactive
CRIB motif-containing protein family, regulates pollen tube growth via its F-actin severing activity. Knockout of RIC1
enhanced pollen tube elongation, while overexpression of RIC1 dramatically reduced tube growth. Pharmacological analysis
indicated that RIC1 affected F-actin dynamics in pollen tubes. In vitro biochemical assays revealed that RIC1 directly bound
and severed F-actin in the presence of Ca2* in addition to interfering with F-actin turnover by capping F-actin at the barbed
ends. In vivo, RIC1 localized primarily to the apical plasma membrane (PM) of pollen tubes. The level of RIC1 at the apical PM
oscillated during pollen tube growth. The frequency of F-actin severing at the apex was notably decreased in ric1-1 pollen
tubes but was increased in pollen tubes overexpressing RIC1. We propose that RIC1 regulates F-actin dynamics at the apical
PM as well as the cytosol by severing F-actin and capping the barbed ends in the cytoplasm, establishing a novel mechanism

that underlies the regulation of pollen tube growth.

INTRODUCTION

After pollen grain germination on the stigma of a flowering plant,
the pollen tube undergoes an extreme form of polarized growth,
termed tip growth, which drives extension of the pollen tube into
the style and delivers two sperms to the ovule for fertilization. It
is well established that the actin cytoskeleton is an important
regulator of pollen tube tip growth. F-actin is organized into distinct
arrays in different regions of the pollen tube. Using Lifeact-mEGFP
or fluorescently tagged actin binding proteins (ABPs) or their actin
binding domains as probes, apical F-actin was revealed to be highly
dynamic in pollen tubes (Cheung et al., 2008; Kost, 2008; Vidali
et al., 2009). Subsequent studies demonstrated that this highly dy-
namic F-actin pool is generated from the apical and subapical
plasma membrane (PM) (Cheung et al., 2010; Qu et al., 2013).
During pollen tube tip growth, the organization and dynamics
of different actin structures are directly regulated by several classes
of ABPs (Ren and Xiang, 2007; Staiger et al., 2010). Signaling
pathways that modulate pollen tube tip growth have been found
to transmit signals to these ABPs, thereby regulating the organi-
zation of F-actin arrays and the rapid turnover of F-actin. The roles
of profilins, formins, ADFs, and capping proteins in the regulation
of subapical and apical F-actin structures have long been ap-
preciated (Ren and Xiang, 2007; Cheung and Wu, 2008; Staiger
et al., 2010). For example, Cheung et al. (2010) showed that the
apical dome-localized Formin Homology5 (FH5) protein was
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a membrane-anchored actin-nucleating protein that stimulated
actin assembly in the tip regions of pollen tubes. A role for calcium-
dependent villins in the regulation of apical F-actin dynamics in
pollen tubes has also been demonstrated (Yokota et al., 2005;
Zhang et al., 2010; Qu et al., 2013). VILLIN2 (VLN2) and VLN5
were shown to promote actin turnover at pollen tube tips and to
facilitate the construction of actin collars (also referred to as the
actin fringe) via F-actin severing in response to calcium signaling
(Qu et al., 2013). Interestingly, several bifunctional microtubule-
associated proteins (MAPs) also exhibit F-actin binding activity.
In Solanum berthaultii, SB401 was found to bind both micro-
tubules and F-actin in vitro (Huang et al., 2007). Arabidopsis
thaliana MAP18, a microtubule-destabilizing factor that modu-
lates polarized cell growth in vegetative tissues (Wang et al.,
2007), was recently demonstrated to regulate the direction of
pollen tube growth via its Ca®*-dependent F-actin severing ac-
tivity (Zhu et al., 2013). VLN2, VLN5, and MAP18 were shown to
sever F-actin in the cytoplasm at the tip of the pollen tube (Qu
et al., 2013; Zhu et al., 2013), where a tip-focused Ca?*+ gradient
is present. Qu et al. (2013) proposed that VLN2 and VLN5 sever
F-actin originating from the apical PM to facilitate its subsequent
use in the construction of the actin collars/fringe. However, the
F-actin disassembly/severing activities of these ABPs were re-
ported to take place in the cytosol, and the precise mechanism
by which PM-anchored F-actin is released/disassociated from
the apical/subapical PM remains unknown.

Cortical F-actin has been suggested to be required for vesicle
targeting, but it has also been shown to block vesicle docking
and fusion to the target PM (Gu et al., 2005; Lee et al., 2008;
Kroeger et al., 2009). Therefore, these results suggest that both
F-actin assembly and disassembly are required for normal tip
growth and must be properly regulated. ROP (Rho-like GTPase
of plants)-dependent signaling pathways play pivotal roles in the
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modulation of F-actin dynamics during pollen tube tip growth
(Smith and Oppenheimer, 2005; Hussey et al., 2006; Cheung
and Wu, 2008; Yalovsky et al., 2008; Qin and Yang, 2011).
Arabidopsis ROP1 was found to be preferentially activated and
localized to the apical PM of pollen tubes. ROP1 was shown to
regulate pollen tube tip growth by activating two counteracting
downstream pathways mediated by RIC3 (Rop-interactive CRIB
motif-containing protein3) and RIC4, respectively. RIC4 promotes
F-actin assembly, and RIC3 promotes F-actin disassembly through
promoting the formation of a Ca?* gradient at the tip (Gu et al., 2005;
Lee et al., 2008).

RIC1 is another member of the RIC protein family (Wu et al.,
2001). Our previous study in leaf pavement cells revealed that
RIC1 is a microtubule-associated protein that can be activated
by ROP6 to reorder microtubules by promoting the microtubule
severing activity of katanin (Fu et al., 2005, 2009; Lin et al.,
2013). Interestingly, Lin et al. (2012) recently suggested that
an auxin-activated ROP6-RIC1 pathway inhibits PIN-FORMED2
(PIN2) internalization by stabilizing F-actin in root cells, indicating
that RIC1 may function differently in various cell types by mod-
ulating either microtubules or F-actin. In addition, microarray
analysis indicates that RIC1 is highly expressed in pollen grains
(https://www.genevestigator.com), potentially implicating RIC1 in
pollen and/or pollen tube growth.

In this study, we have demonstrated that RIC1 regulates
pollen tube growth through its F-actin severing and capping
activities. We propose that the severing activity of PM-localized
RIC1 helps to release F-actin from the apical/subapical PM into
the cytoplasm. Additionally, RIC1 also severs F-actin in the
cytoplasm of the pollen tube tip and then caps the barbed ends
of the F-actin fragments to prevent further elongation. Our re-
sults demonstrate that RIC1 contributes to the dynamics and
abundance of F-actin in the apices and subapices of pollen
tubes, thereby regulating pollen tube growth.

RESULTS

RIC1 Is Highly Expressed in Arabidopsis Pollen Tubes

Data extracted from the results of Affymetrix AG and ATH1
GeneChip arrays (www.genevestigator.ethz.ch) indicate that
RIC1 is highly expressed in the Arabidopsis flower, particularly in
mature pollen (Supplemental Figure 1A). To further assess the
expression of RIC1 in Arabidopsis plants, we fused the RIC1
promoter (2-kb DNA upstream of ATG) to the B-glucuronidase
(GUS) reporter gene and introduced the resulting construct into
wild-type Columbia-0 (Col-0) plants. Five independent T3 lines
were used for GUS activity analysis. Consistent with previously
reported RT-PCR and GUS analysis results (Wu et al., 2001;
Choi et al., 2013) and microarray data, GUS activity was detected
in various organs, including cotyledons, hypocotyls, roots, leaves,
and flowers, but RICT was expressed at the highest levels in
stamens and mature pollen grains. In addition, RICT promoter
activity was also detected at high levels in germinated pollen
tubes in vitro (Supplemental Figure 1). Together, these data
suggest that RIC1 may play a role in pollen germination and
pollen tube growth.
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RIC1 Negatively Affects Pollen Tube Growth

To investigate the role of RIC1 in pollen germination and pollen
tube growth, we collected pollen grains from Wassilewskija-2
(Ws-2) plants harboring ric7-1, a null allele that lacks the expression
of detectable full-length RIC7 cDNA in the flower (Figure 1A). Pollen
grains were germinated in vitro. The number of germinated pollen
grains was counted, and germination frequency was quantified as
a percentage (Boavida and McCormick, 2007). At 1 h after germi-
nation, the average pollen germination frequency of control Ws-2
plants was 46% * 1% (mean * sg), while that of ric7-1 was
56% = 2%, indicating that loss of RIC1 resulted in a significant
increase in germination frequency at this time point (P < 0.05,
Student’s t test). However, there was no significant difference in
the average germination frequency of wild-type (72% =+ 2%) and
ric1-1 (75% = 2%) pollen grains at 1.5 h after germination (Figure
1B). This observation suggests that emergence of the tube occurs
faster in the ric7-1 mutant, but eventually there is no significant dif-
ference in germination frequency between the ric7-1 and wild-type
pollen.

We compared the mean lengths of wild-type and ric7-1 pollen
tubes at 1.5, 3, and 5 h after germination in vitro. ric7-1 pollen
tubes were significantly longer than those in wild-type plants
(Figures 1C and 1D). These results demonstrate that loss of
RIC1 function resulted in an increase in pollen tube length.

To determine whether longer ric1-1 pollen tubes were the result
of more rapid germination of ric1-1 pollen or faster growing ric7-1
pollen tubes, individual tubes that had been grown on the germi-
nation medium for 2 to 4 h were monitored by light microscopy for
5 min. The average growth rate of wild-type pollen tubes was
2.38 = 0.09 pm/min compared with 2.84 = 0.08 wm/min for ric1-1
pollen tubes. The average growth rate of ric1-1 pollen tubes was
significantly higher than that of wild-type pollen tubes (Figures 1E
and 1F; P < 0.01, Student’s t test).

To confirm that RIC1 plays a role in pollen tube elongation,
a complementation experiment was performed. RIC71-GFP was
expressed under the control of its native promoter in ric1-1
plants. Eight transgenic lines (COM 1, COM 3, COM 5, COM 6,
COM 7, COM 8, COM 11, and COM 12) were found to exhibit
various RIC1 expression levels by RT-PCR analysis (Figure 1A),
and four lines (COM 1, COM 5, COM 6, and COM 11) had RIC1
expression levels similar to that of wild-type Ws-2 plants.
We used COM 11 for further phenotypic analysis. The faster
germination and enhanced pollen tube elongation phenotypes
caused by knocking out of RIC1 were fully recovered in COM 11
(Figures 1B to 1F), demonstrating that RIC7 is responsible for
the phenotype and that the green fluorescent protein (GFP) tag
does not affect RIC1 function.

To assess the effects of RIC1 overexpression, we generated
five additional transgenic lines in the Col-0 background that
stably overexpressed RIC1 under the control of the Lat52 pro-
moter. Two of these lines (named OX 9 and OX 15; Figure 1G)
were used for further analysis. Real-time quantitative RT-PCR
(gRT-PCR) revealed that expression of RIC7 in the RICT OX 9
and OX 15 lines was ~2.5-fold higher than that of the Col-0 line
(Figure 1H). Dramatic inhibition of pollen germination and pollen
tube elongation was observed in these overexpression lines
(Figures 1G, 1l, and 1J).
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Figure 1. RIC1 Regulates Pollen Tube Germination and Growth.

All data are presented as means = se. *P < 0.05, **P < 0.01, by Student’s t test.

(A) COM 1, COM 3, COM 5, COM 6, COM 7, COM 8, COM 11, and COM 12 are transgenic lines generated by transforming ProRIC1:RIC1-GFP into
ric1-1 plants. RT-PCR analysis demonstrated that ric7-1 is a null loss-of-function mutant and that RIC1 expression levels in COM 1, COM 5, COM 6,
and COM 11 lines were similar to levels in wild-type (Ws-2) plants. EF1aA4 (EF1) served as an internal control. This result is representative of three
replicates conducted on three biologically independent samples.

(B) The germination frequency of Ws-2, ric1-1, and COM 11 pollen was analyzed at 1 and 1.5 h after the initiation of germination. The germination
frequency of COM 11 pollen was similar to that of Ws-2 pollen at each time point. A larger number of ric7-1 pollen grains germinated compared with
wild-type pollen at 1 h after initiation. No significant difference was detected at 1.5 h after initiation. About 1000 pollen grains from three independent
experiments were analyzed.



To test whether RIC1 overexpression affects pollen germination
and pollen tube growth in vivo, pollen grains from wild-type (Col-0)
and RIC1 OX 9 plants were used to pollinate wild-type stigma,
followed by staining with aniline blue at various time points after
pollination. As shown in Supplemental Figures 2A to 2F, pollen
germination and pollen tube growth were severely reduced in RIC1
OX plants.

By contrast, comparison of ric7-1 and wild-type Ws-2 pollen
tube growth at various time points revealed no overt differences
between the two lines (Supplemental Figures 2G to 2L). How-
ever, due to difficulty in accurately measuring the length of each
individual pollen tube in vivo, subtle differences may be hard to
discern. Together, these results suggest that RIC1 is involved in
the negative regulation of pollen germination and pollen tube
growth in vivo.

RIC1 Regulates Apical Actin Filaments in Pollen Tubes

Previous studies demonstrated that RIC1 is a microtubule-
associated protein that is activated by ROP6 to promote the
microtubule ordering in leaf pavement cells (Fu et al., 2005, 2009).
Because F-actin is critically important for pollen tube tip growth
and ROP1-mediated signaling pathways regulate F-actin dynamics
to regulate the polar growth of pollen tubes (Kost, 2008; Qin and
Yang, 2011), we hypothesized that RIC1, a known downstream
effector of ROP GTPases, might regulate F-actin in pollen tubes.
To determine whether microtubules are required for the
function of RIC1 in pollen tube growth, we treated ric7-1 and
Ws-2 pollen tubes with oryzalin, a microtubule-disrupting drug.
The relative average lengths (treated tubes versus control tubes)
of in vitro-germinated pollen tubes were not significantly different
between ric1-1 and wild-type pollen in the presence of various
concentrations of oryzalin in the germination medium (Figure 2A).
This observation is consistent with previous studies reporting that
although 1 wM oryzalin efficiently disturbed microtubules in pollen
tubes, pollen tube growth was unaffected (Gossot and Geitmann,
2007; Bou Daher and Geitmann, 2011). Further observation of
the microtubule cytoskeleton in pollen tubes by immunostaining

Figure 1. (continued).
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revealed no overt differences in microtubule organization be-
tween ric1-1 and Ws-2 pollen tubes (Supplemental Figure 3).

To assess the role of actin in RIC1-dependent pollen tube
growth, we applied a low concentration (1 nM) of latrunculin B
(LatB), an F-actin depolymerizing drug, to the germination me-
dium. In previous studies, low concentrations of LatB were re-
ported to disturb apical fine F-actin structures but not F-actin
cables in the shanks of pollen tubes (Gibbon et al., 1999; Hwang
et al., 2008). Results from this analysis showed that 1 nM LatB
reduced the growth of both Ws-2 and ric1-1 pollen tubes (Figure
2B). However, the growth of Ws-2 pollen tubes was significantly
more affected than that of ric7-7 pollen tubes in the presence of
1 nM LatB (Figure 2B). These observations suggest that RIC1
may regulate F-actin, but not microtubules, to affect pollen tube
growth. Interestingly, the average lengths of treated Col-0 wild-type
and OX 9 pollen tubes were reduced to 80% * 3% and 76% =
4%, respectively, of each untreated control (Figure 2B). Perhaps
the growth of pollen tubes had already been severely inhibited
by overexpressing RIC1 (Figures 1G and 1J) and the apical fine
F-actin had been dramatically disturbed (see below). Therefore,
OX 9 pollen tubes are not hypersensitive to 1 nM LatB compared
with wild-type tubes.

We next observed F-actin organization in control, ric71-1, and
RIC1 OX 9 pollen tubes using Lifeact-mEGFP. We first verified
that RIC1 did not affect the affinity of Lifeact-mEGFP for F-actin
using an in vitro cosedimentation assay (Supplemental Figure 4A).
Because the Lifeact-mEGFP marker line was in the Col-0 back-
ground, we crossed the ric1-1 line with Col-0 three times to re-
place the background before crossing the ric71-1 (Col-0) line with
the Lifeact-mEGFP marker line to visualize F-actin organization
and dynamics in pollen tubes. We compared the growth rates of
Col-0 pollen tubes expressing Lifeact-mEGFP and ric1-1 (Col-0)
pollen tubes expressing Lifeact-mEGFP. Similar to our ob-
servations in Ws-2 and ric1-1 pollen tubes, ric1-1 (Col-0) pollen
tubes exhibited a faster growth rate (3.59 = 0.11 wm/min; n = 25)
than Col-0 pollen tubes (3.29 = 0.10 pm/min; n = 24). Using
Lifeact-mEGFP, three distinct actin structures were observed from
the apical to shank regions, as shown in Figure 2D, Supplemental

(C) In vitro-germinated pollen tubes from Ws-2, ric1-1, and COM 11 pollen at 3 h after germination. Bar = 100 pm.

(D) The average pollen tube lengths of Ws-2, ric1-1, and COM 11 pollen (only germinated pollen grains were taken into account) were analyzed at 1.5, 3,
and 5 h after germination. Pollen tubes from ric71-1 pollen were consistently longer than those of wild-type pollen. The average pollen tube length of
COM 11 was similar to Ws-2 at each time point (~300 pollen tubes per data set).

(E) Representative Ws-2, ric1-1, and COM 11 pollen tubes were tracked for 5 min at 2 h after the initiation of germination. The ric7-1 pollen tube grew
faster than the Ws-2 and COM 17 tubes. Bar = 10 pm.

(F) Pollen tube growth rates were quantitatively analyzed by tracking individual pollen tubes at 2 to 4 h after the initiation of germination for 5 min. The
average growth rate of ric1-1 tubes was higher than that of Ws-2 tubes. However, there was no significant difference between Ws-2 and COM 11 tubes
(n > 70 pollen tubes per data set).

(G) Pollen tubes from wild-type (Col-0) and RICT OX (OX 9 and OX 15) pollen were observed at 5 h after germination. Overexpression of RIC1
dramatically inhibited pollen germination. Arrows indicate germinated pollen tubes. Bar = 100 pm.

(H) Quantitative real-time PCR analysis showed that the expression of RIC1 is ~2.5-fold higher in RICT OX 9 and OX 15 plants compared with wild-type
plants.

(I) and (J) The average germination frequency (I) and pollen tube length (J) of Col-0 and RIC7 OX pollen were analyzed 5 h after germination.
Overexpression of RIC1 significantly reduced pollen germination as well as pollen tube elongation. Approximately 1000 pollen grains were analyzed to
calculate the pollen germination frequency of wild-type and RIC7 OX pollens (I), and ~200 Col-0 and 30 RIC7 OX pollen tubes were measured for pollen
tube length experiments (J).
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Figure 2. RIC1 Acts on Apical Actin Filaments in Pollen Tubes.

All data are presented as means = se. *P < 0.05, by Student’s t test.

(A) Ws-2 and ric1-1 pollen tubes were incubated on germination medium containing different concentrations of oryzalin. The average lengths of treated
pollen tubes relative to untreated controls at 3 h after germination were calculated. Untreated controls were normalized to 100% for Ws-2 and ric1-1
pollen. Oryzalin had little effect on pollen tube growth. CK, untreated control.

(B) Ws-2, ric1-1, Col-0, and OX 9 pollen tubes were incubated on germination medium containing 1 nM LatB. The average lengths of treated pollen
tubes relative to untreated controls at 3 h after germination were calculated. Untreated controls were normalized to 100% for pollen from each line. ric1-1
pollen tubes were more resistant to LatB than wild-type (Ws-2) tubes, whereas there was no significant difference between OX 9 and Col-0 pollen
tubes.

(C) Schematic showing how the apical dome zone in the pollen tube was defined. A semielliptical region circumscribed by the dotted line at the tip was
selected for the apical F-actin analyses shown in (D).

(D) Time-lapse images from Supplemental Movie 1 (Col-0), Supplemental Movie 2 [ric7-1 (Col-0)], and Supplemental Movie 3 (RICT OX 9) showing
F-actin dynamics in growing pollen tubes. Bar = 5 pm.
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Movie 1, Supplemental Figure 4B, and previous reports (Qu et al.,
2013; Zhu et al., 2013). Highly dynamic fine F-actin structures
were observed at the apices, abundant and dense F-actin struc-
tures were present at the subapical regions, and parallel longitu-
dinally orientated F-actin cables were found at the shank regions in
Col-0, RIC1 OX 9, and ric1-1 (Col-0) pollen tubes. In the shank
region, no obvious differences were detected between Col-0 and
ric1-1 (Col-0) pollen tubes in terms of F-actin abundance or bun-
dling (Supplemental Figures 5A and 5B). Although an increase in
filament density and F-actin bundling was displayed in the shank
region of RICT OX 9 pollen tubes (Supplemental Figures 5A and
5B), this was likely caused by RIC1 overexpression as opposed to
an actual function of RIC1, since RIC1 was primarily localized to
the apical PM in pollen tubes (Figure 3; Supplemental Figure 6).

In the tip region, no significant difference was detected be-
tween wild-type and ric71-1 (Col-0) pollen tubes regarding F-actin
bundling, suggesting that RIC1 may not have an effect on F-actin
bundling in the tip (Supplemental Figure 5D). However, ric1-1
(Col-0) pollen tubes displayed an increase in the amount of
F-actin, while RIC7 OX 9 pollen tubes exhibited a decrease within
the apical dome compared with the wild type (Supplemental
Figures 4B and 5C). To precisely quantify the apical fine F-actin
structures in growing pollen tubes, the dynamics of apical F-actin
were monitored using a spinning disc confocal microscope, and
actin structures were quantified by measuring the fluorescence
intensity present in the apical dome (Figures 2C to 2F). Time-
lapse, Z-stack images (0.5-um step size) were captured over
a 540-s time period at 30-s intervals. Representative images from
Col-0, ric1-1 (Col-0), or RIC1 OX 9 pollen tubes are shown in
Supplemental Movies 1, 2, and 3. Although apical F-actin struc-
tures were dynamic and oscillatory in all Col-0, ric1-1 (Col-0), and
RIC1 OX 9 pollen tubes, the abundance and oscillatory amplitude
of the structures differed between the lines. Apical F-actin
structures in ric71-1 pollen tubes were more abundant with greater
oscillatory amplitude (Figures 2D to 2F). Together, these results
demonstrate that loss of RICT results in an increase in abundance
and a greater oscillatory amplitude of apical F-actin structures,
while overexpression of RIC1 results in a decrease in abundance
and a lower oscillatory amplitude of F-actin structures in the
apical regions of pollen tubes.

RIC1 Localizes to the PM of Pollen Tube Tips

To investigate the mechanism by which RIC1 functions in the
pollen tube tip region, we assessed RIC1 localization in pollen
and growing pollen tubes from COM 17-complemented plants
expressing RIC1-GFP. In pollen grains before germination,
RIC1-GFP was observed in a punctate pattern in the cytoplasm,
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and no PM localization was detected. However, accumulation
of GFP-RIC1 at the PM at the germination site was detected
shortly before protrusion of the pollen tube, and RIC1-GFP was
localized to the PM in the tip of germinating and elongating
pollen tubes (Figure 3; Supplemental Figures 6A and 6B). PM
localization of RIC1 was confirmed by staining with FM4-64,
a membrane marker, as well as by plasmolysis (Supplemental
Figures 6C and 6D). It is also consistent with a previous report
by Wu et al. (2001). To further investigate the relationship be-
tween RIC1 PM localization and pollen grain germination, the
percentage of pollen grains and pollen tubes displaying clear
PM localization was analyzed, along with the germination rate.
After 15 min of incubation in germination medium, aimost no pollen
grains had germinated; however, ~6% of pollen grains already dis-
played PM-localized RIC1-GFP (Supplemental Figure 6B). The per-
centage of pollen/pollen tubes containing PM-localized RIC1-GFP
increased steadily prior to the increase in the germination rate
during pollen germination (Supplemental Figure 6B), indicating
that RIC1 localized to the PM before pollen germination. To more
precisely characterize the temporal dynamics of RIC1 localization
to the PM, we monitored 22 pollen grains for 1.5 h at 1-min in-
tervals. Indeed, all 6 germinating pollen grains exhibited polarized
PM localization of RIC1-GFP at the germination site before
emergence of the pollen tube (Figure 3). These observations
suggest that the function of RIC1 in pollen tube growth is asso-
ciated with its localization to the apical PM. However, as loss of
function of RIC1 accelerated pollen germination (Figure 1B), re-
cruitment of RIC1 to the PM is not a requirement for germination
but is more likely to play a role in preparation for the subsequent
growth of the pollen tube.

RIC1 Binds and Severs Actin Filaments in Vitro

The results described above strongly suggest that RIC1 plays
a role in pollen tube growth, most likely through the modulation
of F-actin. Therefore, we next analyzed the interaction between
RIC1 and F-actin in vitro. We performed high-speed cosedi-
mentation experiments to determine whether RIC1 possessed
F-actin binding activity. The resulting supernatants and pellets
were analyzed separately using SDS-PAGE (Figure 4A). Results
from this assay showed that various concentrations of re-
combinant RIC1 cosedimented with F-actin and were present in
the pellets. RIC1 was not detected in the pellets in the absence
of F-actin. RIC1 cosedimented with F-actin in a concentration-
dependent manner, and binding of RIC1 to F-actin was satu-
rated at a stoichiometry of ~0.75 mol RIC1/mol G-actin (Figure
4B). To determine the value of the equilibrium K, the quantity of
RIC1 present in the pellet ([RIC1],,,.q) Was plotted as a function

Figure 2. (continued).

(E) Oscillations of fine F-actin in the apical dome were quantified by measuring fluorescence intensity in representative growing Col-0, ric1-1 (Col-0),
and RIC1 OX 9 pollen tubes shown in (D). Compared with Col-0, apical F-actin structures in ric7-1 pollen tubes were more abundant, while there were
fewer apical F-actin structures in RICT OX 9 pollen tubes. a.u., arbitrary units.

(F) Average maximum and minimum fluorescence intensities of F-actin in the apical dome of Col-0 (n = 20), ric1-1 (Col-0) (n = 20), and RICT OX 9 (n = 10)
pollen tubes. Compared with Col-0, apical F-actin structures in ric1-1 pollen tubes were more abundant with greater oscillatory amplitude, while there
were fewer apical F-actin structures with decreased oscillatory amplitude in RICT OX 9 pollen tubes.
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Figure 3. Subcellular Localization of RIC1 Changes during Pollen Tube Germination and Elongation.

Pollen grains from COM 11 plants (expressing ProRIC1:RIC1-GFP) were germinated in vitro and observed using spinning disc confocal microscopy.
Before germination, RIC1-GFP was detected in the cytoplasm. RIC1-GFP subsequently localized to the PM at the germination site and was restricted to
the PM of the growing pollen tube tip. Images were captured every 1 min for 81 min. Bar = 10 pm.

of the quantity of RIC1 present in the supernatant ([RIC1];.),
and the resulting data were fitted with a hyperbolic function. In
a representative experiment, the K, value was determined to be
0.76 uM (Figure 4C), and the mean K, was found to be 0.74 *
0.08 uM (n = 3).

To further investigate the direct effects of RIC1 on F-actin
in vitro, we visualized F-actin using Alexa-488 phalloidin staining
with a spinning disc confocal microscope. Preformed F-actin
was incubated with 0.5 uM RIC1 for 30 min, followed by staining
with Alexa-488 phalloidin (0.5 wM) for an additional 15 min at
room temperature, resulting in the formation of massive bundles
(Supplemental Figures 7A and 7B). Then, the addition of NaCl,
which releases RIC1 from F-actin, resulted in dispersal of the
bundles (Supplemental Figure 7C). Results from a low-speed
cosedimentation experiment further confirmed that RIC1 bundled
F-actin in a concentration-dependent manner (Supplemental
Figures 7E and 7F).

Because RIC1 specifically localized to the tip region of the
pollen tube, where calcium levels have been shown to be high
(Cheung and Wu, 2008; Qin and Yang, 2011), we next tested
whether Ca?* affected RIC1-induced F-actin binding or bundling
in vitro. Preformed F-actin and RIC1 (2.5 wM) were incubated in
the presence of various concentrations of Ca?* prior to high-
speed centrifugation. The resulting supernatants and pellets
were analyzed by SDS-PAGE. As shown in Supplemental Figure
7G, there were no obvious changes in the amount of RIC1 in the
pellets of samples incubated with various concentrations of Ca?*,
suggesting that Ca?* does not likely affect the binding of RIC1 to
F-actin.

In addition, samples containing preformed F-actin, 1 .M RIC1,
and various concentrations of Ca2+ were also subjected to low-
speed centrifugation, and the resulting supematants and pellets
were analyzed by SDS-PAGE. As shown in Supplemental Figure
7H, although the amount of F-actin in the pellets was slightly
reduced in the presence of 0.1, 1, and 10 pM Ca?*, statistical
analysis indicated that there was no significant difference between
control reactions and reactions containing various concentrations
of Ca?* (Supplemental Figure 7H). To further investigate the effects
of Ca2* on RIC1-induced F-actin bundling in vitro, we observed
samples of Alexa-488 phalloidin-labeled F-actin after incubation

with both RIC1 and Ca?* by spinning disc confocal microscopy.
After incubation with RIC1 (0.5 wM) and Ca2* (1 uM) for 30 min,
F-actin was observed to form short bundles (Supplemental
Figure 7D). These results confirm that the F-actin bundling activity
of RIC1 is not notably altered in the presence of various con-
centrations of free Ca?*. However, the presence of short F-actin
bundles suggested that RIC1 might cause F-actin fragmentation
in the presence of Ca?*.

To further analyze the effect of RIC1 on F-actin fragmentation
in the presence of free Ca%*, we incubated various concen-
trations of RIC1 with preformed F-actin in the presence of 1.5 or
3 uM Ca?* for 30 min. To measure the lengths of individual
F-actin filaments, 100 mM NaCl was added to disperse the F-actin
bundles after incubation. In the absence of RIC1 and Ca?*, 100
mM NaCl did not affect the length of individual F-actin filaments
(Supplemental Figures 8A, 8B, and 8I). In the presence of 1.5 uM
RIC1 and 100 mM NaCl, the average length of individual F-actin
filaments was not significantly different from the controls (with or
without NaCl) (Supplemental Figures 8C and 8I). Incubation with
0, 0.6, 0.9, and 1.5 pM RIC1 in the presence of 3 .M Ca?* and
100 mM NaCl resulted in average F-actin filament lengths of
14.8 = 0.9,11.3 £ 0.5,7.8 = 0.4, and 5.3 = 0.3 pum, respectively
(Supplemental Figures 8D to 8G and 8l). The average length of
individual F-actin filaments was 8.3 = 0.6 um in the presence of
1.5 uM RIC1, 1.5 uM Ca?*, and 100 mM NaCl (Supplemental
Figures 8H and 8l). These results demonstrate that F-actin was
fragmented in the presence of RIC1 and a micromolar range of free
Ca?* and that RIC1 fragmented F-actin in a dose-dependent man-
ner. Collectively, these results indicate that RIC1 binds and frag-
ments F-actin in the presence of a micromolar range of free Ca?+.

We further analyzed whether RIC1 possessed F-actin sever-
ing activity by total internal reflection fluorescence microscopy
(TIRFM). No notable breaks along individual rhodamine-labeled
F-actin filaments were observed in the presence of RIC1 or Ca%*
alone (Figures 4D and 4E). However, after incubation with 100
uM Ca?* and 0.05 uM RIC1, breaks were detected along F-actin
filaments (Figure 4F; Supplemental Movie 4). The average sev-
ering frequencies in the presence of 0.05 wM RIC1 and various
concentrations of free Ca®* revealed a dependency on calcium.
The number of breaks substantially increased with increasing
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Figure 4. RIC1 Binds and Severs F-Actin in the Presence of Ca?* in Vitro.

All data are presented as means = se. **P < 0.01, by Student’s t test.

(A) A cosedimentation assay was performed to investigate whether RIC1 binds directly to F-actin. Various concentrations of recombinant RIC1
cosedimented with F-actin. Preformed F-actin was incubated with various concentrations of recombinant 6xHis-RIC1. VLN2 served as a positive
control. RIC1 in the absence of F-actin and His-GFP served as negative controls. P, pellet; S, supernatant.

(B) Densitometry analysis of the results shown in (A). Binding to F-actin was saturated at a stoichiometry of 0.75 mol RIC1/mol G-actin.

(C) The amount of RIC1 in the pellet (bound) was plotted versus the amount of RIC1 in the supernatant (free) and fitted with a hyperbolic function. The
calculated K value was 0.76 uM for this representative experiment. The K from three experimental replicates was 0.74 + 0.08 uM.

(D) and (E) Time-lapse images show that RIC1 has no effect on F-actin filament length in the absence of Ca2*. F-actin (polymerized from 0.1 pM
rhodamine-labeled G-actin) was incubated with either 100 wM Ca?* (D) or 0.1 uM RIC1 (E). No obvious changes in F-actin length were observed. Bar =
5 pm for (D) and (E).

(F) Time-lapse images from Supplemental Movie 4. Preformed rhodamine-labeled F-actin was monitored by TIRFM immediately after the addition of
0.05 pM RIC1 and 100 uM Ca?*. Individual F-actin filaments exhibited a notable increase in the number of breaks as time elapsed. Bar = 5 pm.

(G) F-actin severing frequencies (breaks- um~'-s~) in the presence of 0.05 wM RIC1 and various concentrations of Ca2+ were measured (n = ~25 actin
filaments per data set).

(H) Mean severing frequencies in the presence of various concentrations of RIC1 and 100 uM Ca?*+ were plotted. Actin incubated in the presence of
0.002 M VLN2 served as a positive control (n = ~25 actin filaments per experiment).
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Ca?* concentrations (Figure 4G). To quantify the F-actin severing
activity of RIC1, we counted the breaks in the presence of 100 uM
Ca?* at various concentrations of RIC1 (Figure 4H). The average
severing frequency increased sharply at levels of RIC1 > 0.02 uM
(Figure 4H). These results demonstrate that RIC1 severs F-actin
in a concentration-dependent manner. Therefore, we concluded
that RIC1 severs F-actin in the presence of Ca2* in vitro.

RIC1 Caps Actin Filaments in Vitro

We next sought to determine whether RIC1 associates with actin
filaments after its severing. To determine this, prepolymerized
short actin filaments were labeled with Alexa-488 phalloidin and
used as seeds. Rhodamine-labeled actin was added to generate
dual-color actin filaments with red barbed ends (Figures 5A to
5C). The resulting dual-color actin filaments were incubated with 2
M His-RIC1 in the presence of 0.05 uM Ca?* in vitro for 5 min.
His-RIC1 was visualized by staining with anti-His antibody and
a Dylight 405-conjugated secondary antibody. Actin filaments
were severed into fragments by RIC1, and the RIC1 signal (blue
dots) associated with one end of the actin fragments was also
detected. Interestingly, those end-associated RIC1 blue dots
were attached exclusively to the red barbed end of a dual-color
filament (Figures 5B and 5C), which suggests a potential role of
RIC1 at the barbed ends of actin filaments.

Next, we determined whether the presence of RIC1 altered the
behavior of the ends of actin filaments. We initially performed a
dilution-mediated actin depolymerization assay. Pyrene-labeled
F-actin was diluted with G-buffer (containing 2 mM EGTA to
chelate redundant free Ca2*) containing various concentrations
of RIC1, and F-actin fluorescence was monitored. As shown in
Figure 5D, RIC1 reduced the rate of depolymerization in a dose-
dependent manner. To test whether Ca2+ affected this process,
various concentrations of free Ca®+ were added to F-actin in the
presence of 0.12 wM RIC1. The resulting data revealed that the
reduction in depolymerization was significantly enhanced with
increases in Ca?* concentration (Figure 5E). Given that RIC1
severs actin filaments in a calcium-dependent manner, treatment
with RIC1 should fragment actin filaments to generate more free
ends that would enhance depolymerization in the presence of
Ca?*. However, given that the opposite result was observed, we
hypothesized that RIC1 may have a capping activity. Certainly, we
cannot completely rule out the contribution of the filament side
binding activity of RIC1 here.

To further test more directly whether RIC1 has capping ac-
tivity, we performed a seeded actin elongation assay as de-
scribed previously (Huang et al., 2005). In this elongation assay,
profilin-bound actin is used to inhibit spontaneous nucleation
and prevent monomer addition onto F-actin filaments at the
pointed ends. However, profilin-bound actin can still be added
to the barbed end to elongate F-actin. If the F-actin barbed end
is capped by ABPs, the elongation of F-actin will be dramatically
reduced. Preformed F-actin was diluted in G-buffer containing
various concentrations of RIC1. G-actin (1 M, with 10% pyrene-
labeled actin), combined with human profilin | (3 wM), was then
added to the preformed F-actin filaments to initiate actin filament
elongation at the barbed ends. The elongation process was
traced by monitoring the change in fluorescence. As shown in

Figure 5F, RIC1 reduced the initial rate of elongation in a dose-
dependent manner, and the K, of RIC1 binding to the barbed
ends of actin filaments was determined to be 1.8 M. To test
whether Ca?* affected this process, we added various con-
centrations of free Ca®* to the reaction in the presence of 0.8 uM
RIC1. Results from these reactions demonstrated that increasing
Ca?* concentrations significantly enhanced the RIC1-induced
reduction of elongation (Figure 5G). Therefore, we concluded that
RIC1 caps F-actin at barbed ends to inhibit actin filament elon-
gation and depolymerization at the barbed ends.

RIC1 Severs F-Actin at the Tip of Pollen Tubes

Because RIC1 localized to the apical PM of pollen tubes (as
described above; Wu et al., 2001), we speculated that RIC1 most
likely severs F-actin in the pollen tube tip region, where a high Ca%*
gradient exists. To assess this hypothesis, we captured time-lapse
images of pollen tube tips at 2-s intervals (Figure 6A; Supplemental
Movies 5 to 7). To quantify the severing capacity of RIC1, we mea-
sured two parameters (Staiger et al., 2009), the lifetime and maximum
length of single F-actin filaments associated with the apical dome
PM in wild-type Col-0, ric1-1 (Col-0), and OX 9 pollen tubes.

The distribution of measured lifetimes of single F-actin fila-
ments is presented as the percentage of total F-actin filaments
present in each of five bins (0to 2, 2 to0 6, 6 to 10, 10 to 14, and
>14 s; Figure 6B). The lifetimes of apical PM-associated F-actin
filaments were primarily distributed across three time ranges
(O to 2,2 to 6, and 6 to 10 s; Figures 6A and 6B) in Col-0 pollen
tubes. However, a greater percentage of PM-associated F-actin
filaments had longer lifetimes in ric1-1 (Col-0) pollen tubes
compared with wild-type tubes. Consistent with this observa-
tion, PM-associated F-actin was short-lived and largely distrib-
uted in the time range of 0 to 2 s (66.5% = 7.3%) in RIC1 OX 9
pollen tubes. These results indicate that the lifetime of PM-
associated F-actin filaments was longer in ric1-1 (Col-0) pollen
tubes and shorter in OX 9 pollen tubes compared with wild-type
pollen tubes.

We also measured the maximum length of single F-actin fila-
ments associated with the apical and subapical PM in Col-0,
ric1-1 (Col-0), and RIC1 OX 9 pollen tubes (n = ~80 actin fila-
ments from 20 pollen tubes per line) (Figures 6A and 6C). These
data indicate that the maximum length of single PM-associated
F-actin filaments was longer in ric1-1 (Col-0) pollen tubes, but
shorter in RICT OX 9 pollen tubes, compared with wild-type
pollen tubes.

The results suggest that the frequency of severing single actin
filaments was decreased in ric1-1 (Col-0) pollen, resulting in a longer
lifetime and maximum length of single F-actin filaments associated
with the PM. By contrast, F-actin severing frequency was increased
in OX 9 pollen, leading to a shorter lifetime and decreased maximum
length of PM-associated F-actin. The average severing frequency
of PM-associated F-actin filaments in Col-0, ric1-1 (Col-0), and
OX 9 pollen tubes confirmed this conclusion (Figure 6D).

PM Localization of RIC1 Is Important for Its Function

To further investigate whether the PM localization of RIC1 is
important for RIC1 function, we monitored the distribution of
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(A) Dual-color actin filaments displaying polarity. Prepolymerized actin filaments were labeled with Alexa-488 phalloidin and used as seeds. Rhodamine-

labeled actin was added to generate dual-color actin filaments with red barbed ends. Bar = 5 um for (A) to (C).
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RIC1 at the PM in growing pollen tubes. The complemented line
COM 11, which expresses RIC1-GFP, was used for analysis.
The total amount of RIC1 at the apical PM was measured as
described by Hwang et al. (2005). As shown in Figure 7A, the
distribution of RIC1 was indicated by the fluorescence intensity
of RIC1-GFP at the apical PM. The RIC1-GFP signal was highly
dynamic at the tip PM (as shown in a representative growing
pollen tube in Figure 7B, Supplemental Figure 9A, and
Supplemental Movie 8). To further assess whether pollen tube
growth is related to RIC1 localization, we treated pollen
tubes with —20°C for 6 min to suspend growth and observed
RIC1 localization. Although the RIC1-GFP signal was still
detected at the tip PM in the absence of pollen tube growth,
the oscillation was decreased. When pollen tube growth re-
sumed, the oscillatory behavior was also recovered, and
RIC1 oscillation was fully recovered prior to the full recovery
of growth rate oscillation (Figure 7C; Supplemental Figure 9B
and Supplemental Movie 9). These results suggest that the
oscillation of RIC1 levels at the PM is related to pollen tube
growth.

To test whether the localization of RIC1 at the PM is important
for its effects on pollen tube growth, we expressed a mutated
RIC1 protein containing two point mutations in the conserved
residues His-37 and His-40, which lie within the CRIB motif, in
pollen tubes. A previous study demonstrated that this mutant
protein (RIC1H37D/H40D) exhibits a dramatically reduced interaction
with active ROP1 and loss of PM localization (Wu et al., 2001). Our
observations after transient expression in tobacco (Nicotiana
tabacum) pollen tubes confirmed that RIC1H37D/H40D-GFP |ocalizes
to the cytoplasm but not the PM (Figure 8A). In comparison with
control pollen tubes expressing only GFP, pollen tube elongation
was dramatically reduced by RIC1 overexpression. Although tran-
sient overexpression of RIC1H37D/H40D glso reduced pollen tube
growth, its effect on pollen tube growth was much weaker (Figure
8B). Similar to tobacco, stably expressed RIC1H37D/H40D.GFP
was present only in the cytoplasm of Arabidopsis pollen tubes,
whether it was expressed under the control of its native pro-
moter or the Lat52 promoter (Figure 8C). We further investigated
whether RIC1H37D/H40D affects pollen germination and pollen
tube growth when stably overexpressed in ric1-1 pollen (to
minimize the influence of native wild-type RIC1). ProLat52:GFP

and ProLat52:RIC1-GFP transgenic plants served as controls.
As shown in Figure 8D, two transgenic lines with strong GFP
signals for each transformation were used for further analysis.
The fluorescence intensity in pollen grains was measured to
indicate the expression levels of RIC7 in these six transgenic
lines (Figure 8E). In contrast with the overexpression of RIC1,
RIC1H37D/H40D gyerexpression minimally affected pollen germi-
nation (Figure 8D). However, the average lengths of ric7-1
pollen tubes overexpressing RIC1H37D/H40D_GFP (lines 6 and
22) were shorter than those of ric7-1 pollen tubes over-
expressing GFP alone (lines 5 and 6). The reduction of pollen
tube growth caused by the overexpression of RIC1H37D/H40D_
GFP was much weaker than that induced by RIC1-GFP
overexpresssion (lines 1 and 11; Figures 8D and 8F). Be-
cause RIC1H37D/H40D_GFP did not localize to the pollen tube
PM, the dramatically reduced effects of this mutant form
of RIC1 on pollen germination and pollen tube elongation
demonstrated that the PM localization of RIC1 in the tip is
important for the functioning of RIC1 in pollen tubes. Con-
sidering that RIC1H37D/H40D.GFP overexpression still re-
duces pollen tube growth to a certain extent, we propose
that RIC1 might also play a role in the cytoplasm to regulate
pollen tube growth.

To test whether the H37D/H40D mutation affected the F-actin
binding or bundling activities of RIC1, we purified the recom-
binant RIC1H37D/H40D protein, We then incubated Alexa-488
phalloidin-labeled F-actin with the mutant protein and observed
the effects with a spinning disc confocal microscope. F-actin
incubated in the absence of RIC1H37D/H40D gnd Ca2+ served as
a control (Figure 8G). After incubation of preformed F-actin and
0.2 pM RIC1H37D/H40D for 30 min, F-actin was found to be or-
ganized into massive bundles (Figure 8H). RIC1H37D/H40D fraqg-
mented F-actin in the presence of 0.5 wM Ca?* (Figure 8l). This
result indicates that the mutation did not affect the F-actin
bundling activity or the Ca?*-dependent F-actin severing activity
of RIC1 in vitro. Therefore, it is reasonable to predict that
RIC1H37D/H40D coyld still sever F-actin in the cytoplasm of pollen
tubes.

We investigated the effect of RIC1H37D/H40D on F-actin organi-
zation and dynamics in the apex of pollen tubes. Using rhodamine-
phalloidin staining, we compared F-actin organization in ProLat52:

Figure 5. (continued).

(B) His-RIC1 (arrows) associated with the barbed ends of dual-color actin filaments. His-RIC1 was visualized by staining with anti-His antibody and

a Dylight 405-conjugated secondary antibody.

(C) Similar associations were not observed in samples that were stained with secondary antibody alone.

(D) F-actin was diluted with G buffer in the presence of various concentrations of RIC1. RIC1 prevented actin depolymerization from the barbed ends in
a dose-dependent manner. A single representative experiment (n = 3) is shown. a.u., arbitrary units.

(E) Preformed F-actin was diluted with G buffer containing 0.12 pM RIC1 in the presence of various concentrations of free Ca?*. RIC1-induced
reduction of F-actin depolymerization was significantly enhanced with increasing Ca2* concentrations. The red trace shows the negative control in
which F-actin was diluted with G buffer alone.

(F) and (G) Preformed F-actin seeds were incubated with various concentrations of RIC1 (F) or with 0.8 uM RIC1 in the presence of various con-
centrations of free Ca2+ (G), and 1 uM 10% pyrene-labeled G-actin saturated with 3 WM human profilin | was added to initiate actin elongation at the
barbed end. Polymerization was monitored by tracking the increase in pyrene-actin fluorescence upon assembly. A reaction without RIC1 and free Ca2*
served as a negative control (black traces). RIC1 reduced the initial rate of elongation in a dose-dependent manner, and increasing Ca2* concentrations
significantly enhanced the RIC1-induced reduction of F-actin elongation.
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Figure 6. Quantitative Analysis of Apical/Subapical F-Actin in Pollen Tubes.

All data are presented as means = se. *P < 0.05, **P < 0.01, by Student’s t test.

(A) F-actin dynamics were visualized by expressing Lifeact-mEGFP in Col-0, OX 9, and ric1-1 (Col-0) pollen tubes. Images were taken at 2-s intervals.
Asterisks indicate individual F-actin filaments initiated from the PM. Arrows indicate F-actin severing events. Bars = 2 pm.

(B) The lifetimes of individual PM-associated F-actin filaments were analyzed in Col-0, ric1-1 (Col-0), and OX 9 pollen tubes. Approximately 80 actin filaments
from 20 pollen tubes were monitored for each line. The distributions of the lifetimes are presented as the percentage of F-actin lifetimes falling within five ranges (0
t02,21t06,6to 10, 10 to 14, and >14 s). Filament lifetimes were longer in ric1-1 (Col-0) pollen tubes and shorter in RICT OX 9 pollen tubes than in wild-type tubes.
(C) The average maximum length of single PM-associated F-actin filaments was analyzed in Col-0, ric1-1 (Col-0), and OX 9 pollen tubes. Approximately
80 actin filaments from 20 pollen tubes were monitored for each line. The maximum length reached by single F-actin filaments was longer in ric1-1 (Col-0)
pollen tubes and shorter in RICT OX 9 tubes compared with wild-type tubes.

(D) The average severing frequency of actin filaments was analyzed in Col-0, ric7-1 (Col-0), and OX 9 pollen tubes. The break of actin filaments from the
PM was considered the severing event. Approximately 10 pollen tubes were monitored for each line.

RIC1-GFP (ric1-1)-1 and ProLat52:RIC1H37D/H40D (rjc1-1)-6 pollen caused by overexpressing wild-type RIC1 (Supplemental
tubes to control ProLat52:GFP (ric1-1)-11 pollen tubes. Although Figure 10). We transiently coexpressed RIC1 or RIC1H37D/H40D
the apical F-actin fluorescence intensity was significantly mutant proteins together with Lifeact-mEGFP in tobacco
reduced in pollen tubes overexpressing RIC1H37D/H40D " the pollen tubes by particle bombardment to observe F-actin
reduction was less severe than the reduction in intensity dynamics during pollen tube growth using spinning disc
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Figure 7. The Distribution of RIC1 at the PM Oscillates during Pollen Tube Growth.

A quantitative analysis of the localization of RIC1-GFP to the apical PM in growing pollen tubes is shown.
(A) Schematic illustrating how the amount of apical PM-localized RIC1-GFP was measured. A thin black line was superimposed on the PM. RIC1-GFP
localization is represented by thick gray shading. The fluorescence intensity associated with the black line was measured to assess the amount of apical

PM-localized RIC1-GFP.

(B) Oscillations in the growth rate and the intensity of PM-localized RIC1-GFP were measured in the growing tube shown in Supplemental Movie 8. a.u.,

arbitrary units.

(C) Oscillations in the growth rate and the intensity of PM-localized RIC1-GFP were measured in a tube that was treated with —20°C for 6 min and
subsequently warmed to room temperature to resume growth (shown in Supplemental Movie 9). Recovery of RIC1-GFP oscillation precedes the

recovery of growth rate oscillation.

confocal microscopy. Representative pollen tubes express-
ing various constructs are shown in Figures 9A and 9B. There
were fewer apical F-actin structures in the pollen tube
expressing RIC1H37D/HA0D than in the control pollen tube
expressing only Lifeact-mEGFP. However, apical F-actin
structures in the pollen tube expressing wild-type RIC1 were
the fewest. The average fluorescence intensity measurements
reveal that overexpression of a mutant form of RIC1 without
apical PM localization had a different impact on apical F-actin
structures compared with wild-type RIC1 (Figure 9C), sug-
gesting that the PM localization of RIC1 is important for its
function on F-actin organization and dynamics during pollen
tube growth.

DISCUSSION

We found that RIC1 can sever and cap F-actin in the presence of
Ca?* in vitro and that PM-localized RIC1 regulates pollen tube

growth by manipulating the organization and dynamics of
apical/subapical F-actin.

RIC1 Functions at the PM and in the Cytosol to Regulate
Apical F-Actin Abundance and Dynamics

F-actin is continuously generated from the apical PM within
the apical dome (Cheung and Wu, 2004; Cheung et al., 2010;
Qu et al., 2013). Prompt and efficient disassociation of PM-
nucleated filaments is critical for generating and maintaining the
highly dynamic population of F-actin in the tip regions of pollen
tubes. However, the mechanism that underlies the disassocia-
tion of PM-nucleated F-actin from the PM remains largely un-
known. Evidence suggests that the F-actin severing activity of
VLN2 and VLN5 facilitates the construction of actin collars/
fringes under physiological calcium concentrations and that
linear F-actin dissociates from the apical PM via severing in
wild-type pollen tubes (Qu et al., 2013). However, no ABP has
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Figure 8. PM Localization of RIC1 Is Important for Its Function in Regulating Pollen Tube Growth.

All data are presented as means =+ se. *P < 0.05, **P < 0.01, by Student’s t test.

(A) RIC1H37D/H40D contains two point mutations in conserved residues (His-37 and His-40) within the CRIB motif. GFP-tagged RIC1H37D/H40D |ocalized
exclusively to the cytoplasm in pollen tubes. Bar = 5 um.

(B) ProLat52:RIC1 or ProLat52:RIC1H37D/H40D \as transiently expressed with ProLat52:GFP in tobacco pollen tubes. Pollen tubes transiently expressing
ProLat52:GFP served as controls. The average lengths of pollen tubes were measured 5 h after bombardment. Expression of RIC1 resulted in a dra-
matic reduction of pollen tube growth. Although the expression of RIC1H37D/H40D giso reduced pollen tube growth, the degree of reduction was
significantly less than that caused by RIC1-GFP. n > 90 pollen tubes per transformation. CK, control pollen tubes expressing ProLat52:GFP only.
(C) Localization of stably expressed RIC1-GFP and RIC1H37D/H40D-GFP expressed under the control of the RICT native promoter or the Lat52 promoter
in Arabidopsis pollen tubes. RIC1-GFP localized to the apical PM under the control of both promoters. RIC1H37D/H40D_GFP was present only in the
cytoplasm. Arabidopsis pollen tubes stably expressing ProLat52:GFP served as a control. Bar = 5 pm.

(D) Constructs containing GFP, RIC1-GFP, and RIC1H37D/H40D_GFP under the control of the Lat52 promoter were stably transformed into ric7-1 plants.
Overexpression of RIC1-GFP dramatically reduced pollen germination as well as pollen tube growth (pollen tubes indicated by arrows). Overexpression
of RIC1H37D/H40D_GFP minimally affected pollen germination. Bar = 100 pwm.

(E) Quantification of the fluorescence intensity associated with pollen grains from ProLat52:GFP (ric1-1), ProLat52:RIC1-GFP (ric1-1), and ProLat52:
RIC1H37D/H40D_GFP (ric1-1) plants as shown in (D). Although the fluorescence intensity in ProLat52:RIC1-GFP (ric1-1) pollen grains was much lower
(indicating a lower relative expression level) than that of ProLat52:GFP (ric1-1) and ProLat52:RIC1H37P/H40D_GFP (ric1-1) pollen, expression of RICT-GFP
resulted in greater inhibitory effects than expression of RIC7H37D/H40D-GFP (D). a.u., arbitrary units.

(F) Average lengths of pollen tubes from the transgenic lines shown in (D). Overexpression of RIC1H37D/H40D_GFP reduced pollen tube growth, but less
severely than RIC1-GFP overexpression. n = ~300 pollen tubes per line.

(G) to (I) F-actin stained with Alexa-488 phalloidin was incubated alone (G), with 0.2 WM RIC1H37D/H40D (H) or with 0.2 wM RIC1H37D/H40D gnd 0.5 pM
free Ca2* (l). The H37D/H40D point mutation did not affect the F-actin bundling and severing activity of RIC1. Bar in (G) = 5 wm for (G) to (I).
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Figure 9. Different Impacts of RIC1H37D/H40D gnd RIC1 Overexpression on the Organization and Dynamics of Apical F-Actin.

All data are presented as means = se. *P < 0.05, **P < 0.01, by Student’s t test.

(A) Time-lapse images were taken from tobacco pollen tubes 2 to 4 h after particle bombardment, showing F-actin dynamics in growing tobacco pollen
tubes. CK, control pollen tubes transiently expressing ProLat52:Lifeact-mEGFP only. Bar = 5 pm.

(B) Oscillations in apical fine F-actin were quantified by measuring fluorescence intensity in growing tobacco pollen tubes, shown in (A). a.u., arbitrary

units.

(C) Average maximum and minimum fluorescence intensities of F-actin in the apical region of tobacco pollen tubes expressing ProLat52:Lifeact-mEGFP only
(n = 13), ProLat52:Lifeact-mEGFP with ProLat52:RIC1 (n = 11), or ProLat52:Lifeact-mEGFP with ProLat52:RIC1H37D/H40D (n = 7). The decrease in fluorescence
intensity caused by RIC1H37D/H40D oyerexpression was less severe than the reduction in intensity due to overexpressing wild-type RIC1.

been reported to sever F-actin at the apical PM. This study re-
ports that RIC1 binds to, severs, and caps F-actin in the presence
of Ca?* in vitro and localizes at the apical PM in vivo. Additionally,
the severing frequency of F-actin in the apical dome was notably
decreased in ric1-1 pollen tubes but increased in OX 9 pollen
tubes compared with wild-type pollen tubes. Furthermore, over-
expression of a RIC1 mutant protein (RIC1H37D/H40D) that does
not localize to the PM resulted in less severe growth inhibition
phenotypes and reductions in apical F-actin compared with
overexpression of wild-type RIC1, suggesting that membrane
localization is important for RIC1 function. We propose that RIC1
is able to sever F-actin at the PM, providing a mechanism for
F-actin release from the PM to control F-actin dynamics in the tip
region. These results suggest that RIC1 may also have an
important function in the cytoplasm, given that non-membrane-
associated RIC1H37D/H40D reduced pollen tube growth. By tran-
sient overexpression of RIC1 in pollen tubes, we observed
very few F-actin structures in pollen tube tips. However, when
RIC1HS7D/H40D wgas overexpressed, apical fine F-actin was still
detected, although it was less abundant than in pollen tubes
expressing only Lifeact-mEGFP. This observation suggests that
cytosolic RIC1 is also important for the organization and dynamics

of fine F-actin structures in pollen tube tips. A working model for
the function of RIC1 in pollen tubes is shown in Figure 10. RIC1
localizes to the PM at the pollen tube tip and severs F-actin
filaments arising from the PM to release the PM-anchored
F-actin into the cytoplasm. In the apical cytoplasm, where high
Ca?+ concentrations are present, cytoplasm-localized RIC1 can
still sever F-actin. In addition, the barbed end capping activity
of RIC1 prevents actin filaments from elongating further. This
model suggests that RIC1 likely regulates the formation and
dynamics of apical/subapical F-actin structures as well as the
abundance of F-actin in the pollen tube tips. Kroeger et al.
(2009) proposed that actin polymerization propagates from the
existing subapical actin fringe array. Our study does not exclude
this possibility, and RIC1 might also take action in the formation
of the fringe by severing actin filaments in the cytosol as well,
although only PM-initiated F-actin was emphasized in our
schematic model for simplicity.

Direct visualization of the dynamics of individual actin filaments
showed that they mainly grow out from the apical membrane (Qu
et al., 2013), which is presumably mediated by formins (Cheung
et al.,, 2010). Thus, it is suggested that the barbed end of
PM-anchored actin filaments is directed toward the PM. The
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Figure 10. Working Model of RIC1-Mediated Regulation of F-Actin Dy-
namics in the Tips of Pollen Tubes.

Actin filament formation is initiated at the PM in the tip region of the
pollen tube. PM-localized RIC1 severs F-actin from the PM, resulting in
its dissociation, and facilitates rapid F-actin turnover in the pollen tube
apex. The PM distribution of RIC1 oscillates during pollen tube growth,
indicating that RIC1 moves between the PM and the cytoplasm. Cyto-
plasmic RIC1 is still capable of severing F-actin and, therefore, con-
tributes to the formation and dynamics of apical/subapical F-actin
structures in pollen tubes. RIC1 also caps the barbed ends of actin fil-
aments to prevent elongation, further contributing to the regulation of the
abundance of F-actin in the tip of the pollen tube.

apical PM localization of RIC1 suggests that RIC1 may interfere
with the activity of formins by capping the barbed ends of actin
filaments, besides releasing actin filaments via its severing ac-
tivity. However, based on the estimated K of RIC1 binding to
the barbed ends of actin filaments, the binding affinity was rather
low compared with that of Arabidopsis CAPPING PROTEIN
(Huang et al., 2003), At-FORMIN1(FH1-FH2) (Michelot et al., 2005),
and At-FORMINS (Ingouff et al., 2005). Therefore, it is unlikely that
RIC1 competes with formins to regulate actin dynamics via reg-
ulation of the behavior of the barbed ends of actin filaments.

In addition, oscillations in the distribution of RIC1 between the
PM and the cytoplasm suggest that the functions of RIC1 in the
PM and the cytoplasm must be coordinately regulated during
pollen tube growth. This hypothesis will be a subject of our fu-
ture investigations.

Actin Severing by Various Proteins May Contribute to
Positive or Negative Control of Pollen Tube Elongation

In addition to RIC1, several actin regulators, such as VLN2,
VLN5, MAP18, and MDP25, have been found to regulate pollen
tube growth via actin filament severing activity in recent studies
(Qu et al., 2013; Zhu et al., 2013; Qin et al., 2014). MAP18 is
involved in regulating the growth direction of pollen tubes but
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has little effect on elongation rate. Although lack of or reduced
VLNS5, VLN2, MDP25, and RIC1 all caused increased actin fila-
ment length and lifetime, as well as decreased severing fre-
quency in the tip of pollen tubes, the resulting pollen tube
growth phenotypes varied. Growth inhibition in vin2 vin5 pollen
tubes suggests that VLN2 and VLN5 are positive regulators of
pollen tube elongation, whereas the increased length of mdp25
and ric1 tubes indicates that MDP25 and RIC1 are negative
regulators of pollen tube growth. A rational explanation is that
the growth oscillation of pollen tubes is due to cooperation
between positive and negative regulation of pollen tube elon-
gation. This type of growth regulation requires the proper orga-
nization, abundance, and dynamics of apical/subapical F-actin
structures that are coordinated by many ABPs, including various
F-actin severing proteins that act at different sites and may affect
the behavior of actin filaments in different ways. VLN2 and VLN5
are positive regulators of pollen tube elongation and have been
found to be associated with actin filaments. They have also been
demonstrated to promote actin turnover and facilitate the con-
struction of actin collars/fringes (Qu et al., 2013). As a negative
regulator of tube elongation, MDP25 is a PM-associated protein
that is released from the PM in the apex (where high concen-
trations of Ca?* exist) and destabilizes actin filaments in the cy-
tosol at a subapical region of pollen tubes (Qin et al., 2014). Here,
we report another negative regulator, RIC1, which regulates the
abundance and oscillatory amplitude of fine F-actin in pollen tube
tips, most likely by severing F-actin at both the apical PM and in
the cytosol and capping the barbed ends of actin filaments. These
F-actin severing proteins act together to regulate the proper or-
ganization, abundance, and dynamics of F-actin for normal pollen
tube oscillatory growth.

The Distribution of RIC1 and Pollen Tube Growth

Pollen tubes grow in an oscillatory manner, which is regulated
by a self-organizing signaling network involving a tip-localized
ROP, tip-focused Ca?* gradient, and interactions with the F-
actin and vesicular trafficking pathways (Kost, 2008; Kroeger
et al., 2008; Qin and Yang, 2011). This oscillatory manner of
growth suggests that both positive and negative mechanisms
regulate pollen tube growth. The observations presented in this
study suggest that RIC1 negatively regulates pollen tube growth
through the regulation of F-actin. Interestingly, the distribution of
RIC1 at the tip PM of the pollen tube oscillates during pollen
tube growth. When pollen tube growth was arrested by low-
temperature treatment, RIC1 remained localized to the PM, but
its oscillations ceased. When pollen tube growth resumed after
transfer back to room temperature, the oscillation of PM-dis-
tributed RIC1 resumed as well, and the full recovery of RIC1
oscillations preceded the full recovery of pollen tube growth
oscillations. These observations suggest that the oscillatory
behavior of RIC1 at the PM is related to the oscillations of pollen
tube growth.

On the other hand, our experimental results also demonstrate
that although RIC1H37D/H40D did not localize to the PM, over-
expression of this protein altered apical F-actin organization and
reduced pollen tube elongation, although less severely than
overexpression of wild-type RIC1. Importantly, in vitro experiments
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demonstrated that RIC1H37D/H40D retains the ability to bind and
sever F-actin in the presence of Ca2*. This observation suggests
that non-membrane-localized RIC1 is still able to negatively
regulate pollen tube growth in the cytoplasm. Therefore, RIC1
may negatively regulate pollen tube growth via its oscillating
distribution between the PM and the cytoplasm, and it is likely
that these oscillations are coordinated with or regulated by other
positive regulators of pollen tube growth, such as Ca®+ and ROPs.

RIC1 belongs to the RIC protein family and is known as an
effector of active ROPs (Wu et al., 2001). Three closely related
ROPs, ROP1, ROP3, and ROPS5, are expressed in Arabidopsis
pollen (Li et al., 1998). ROP1 regulates pollen tube tip growth by
manipulating apical F-actin dynamics through two counteracting
downstream pathways involving RIC3-Ca?*-mediated F-actin
disassembly and RIC4-mediated F-actin assembly (Fu et al.,
2001; Gu et al., 2005). However, neither RIC3 nor RIC4 interacts
directly with F-actin. We predict that RIC1 is an effector that
interacts directly with F-actin in ROP signaling pathways to
precisely regulate apical F-actin. A mutation in the CRIB domain
of RIC1 that inhibits interactions with active ROPs (Wu et al.,
2001) abolished the apical PM localization of RIC1 and com-
promised its effects on pollen tube growth in an overexpression
model, suggesting that RIC1-mediated modulation of apical
F-actin in the pollen tube is also regulated by ROPs. Currently,
we do not know the identity of the precise ROP that lies up-
stream of RIC1, but this study suggests that RIC1 regulates
apical F-actin in concert with both Ca?* signaling and ROP
signaling. How does the oscillation of RIC1 regulate pollen tube
growth oscillation? How do ROPs regulate the oscillation
of RIC1 distribution between the PM and cytoplasm? Will
multiple ROPs coordinately or counteractively regulate RIC1 in
pollen tubes? These are interesting questions that remain to be
answered.

Potential Mechanisms That Regulate RIC1 Activity on
Cytoskeletal Elements

Previous reports, and this study, have identified various inter-
actions between RIC1 and microtubules or F-actin in different
types of cells or organs (Fu et al., 2005, 2009). These ob-
servations raise an interesting question regarding how the ac-
tivities of RIC1 on different cytoskeletal elements are controlled
or regulated in different cells and/or different cellular processes.
As discussed above, RIC1 is a downstream effector of ROP
GTPases. Binding of RIC1 to microtubules has been shown to
require active ROP6, whereas ROP2 inhibits RIC1 activity on
microtubules by recruiting it to the PM (Fu et al., 2005, 2009).
Therefore, different ROPs may specifically regulate the activity
of RIC1 on either microtubules or F-actin, although it remains
unclear which ROP regulates RIC1 oscillations and activities on
F-actin in pollen tubes. We have just started to investigate which
ROP regulates RIC1’s activity and how. We investigated
whether ROP1 activity influenced the ability of RIC1 to bind,
bundle, or sever actin filaments in vitro. A high-speed cosedi-
mentation assay demonstrated that CA-rop1 had little effect on
RIC1 binding to F-actin, whereas DN-rop1 compromised bind-
ing (Supplemental Figures 11A and 11B). However, a low-speed
cosedimentation assay showed that both CA-rop1 and DN-rop1

reduced RIC1 bundling activity, although DN-rop1 had a stronger
effect (Supplemental Figures 11C and 11D). In terms of RIC1
F-actin severing activity in the presence of Ca?*, the addition of
CA-rop1 did not affect the activity, but DN-rop1 inhibited RIC1
severing of F-actin (Supplemental Figures 11E to 11K). These
data suggest an important role of ROP1 and perhaps other
ROPs in the regulation of RIC1 functioning on F-actin dynamics
during pollen tube tip growth. However, the precise mechanism
underlying this activity will require further investigation.

Based on previous reports and this study, calcium is also
a potential regulator. Here, we demonstrated that RIC1 exhibits
Ca?*-dependent F-actin severing activity in vitro. Furthermore,
we found that RIC1-mediated severing and capping of F-actin at
the apical PM and in the cytosol of pollen tubes are involved in
the regulation of apical F-actin dynamics and pollen tube growth.
Some other proteins that act on both microtubules and F-actin
have been reported to have Ca?*-dependent F-actin severing
activity. For example, MAP18, which binds both microtubules and
F-actin, severs F-actin in a Ca?*-dependent manner (Zhu et al.,
2013). A previous report based on pharmacological analysis
suggested that an auxin-activated ROP6-RIC1 pathway inhibited
PIN2 internalization by stabilizing F-actin in root cells (Lin et al.,
2012). One possible explanation for these varying observations is
that the Ca?* concentrations present in the pollen tube tip differ
from those in root cells (Monshausen et al., 2009). However, the
precise manner by which the ROP6-RIC1 pathway acts to sta-
bilize F-actin in root cells requires further study.

METHODS

Plant Material and Growth

The Arabidopsis thaliana Ws-2 and Col-0 ecotypes served as wild-type
plants in this study. The ric7-1 line (in the Ws-2 background) was obtained
as described previously (Fu et al., 2005; Lin et al., 2012).

An Arabidopsis line expressing ProLat52:Lifeact-mEGFP was crossed
to ric1-1 and RIC1 OX transgenic plants to visualize F-actin in living pollen
tubes. Arabidopsis seeds were germinated and grown on half-strength
Murashige and Skoog medium supplemented with 1% sucrose and 0.8%
agar for 7 d before transfer to soil. The seedlings were then incubated in
a growth chamber under 16-h-light/8-h-dark conditions at 22°C. Tobacco
(Nicotiana tabacum) plants were grown in a greenhouse at 28°C.

Plasmid Construction and Plant Transformation

A 2-kb region of the RIC1 promoter was amplified from genomic
DNA using the primers 5'-CTCGTGAAATCTGACATTGGTGG-3' and
5'-TGGTCTATAAAGGGTTGGTTCCG-3'. The RIC1 coding sequence was
amplified using the primers 5’-TCTAGAATGGCGACGACAATGAAGG-3’
and 5'-GGTACCTCAGATAATATCGTTACAGGTTG-3'. The resulting DNA
was subcloned into the pCAMBIA1300 vector under the control of the Lat52
promoter. The construct was introduced into Col-0 plants via Agrobacterium
tumefaciens-mediated transformation (Clough and Bent, 1998). Five lines
stably overexpressing RICT were obtained, and two of these lines (named
RIC1 OX 9 and RIC1 OX 15) were used for further analyses.

RT-PCR/qRT-PCR Analysis

Total RNA from open flowers or pollen grains was extracted using TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions. RIC1
expression was analyzed via two-step RT-PCR and/or fluorescence
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qRT-PCR using SYBR Green mix. To amplify the full-length coding region
of RIC1, the forward primer 5'-ATGGCGACGACAATGAAGG-3’ and the
reverse primer 5 -GATAATATCGTTACAGGTTGTATCA-3' were used.
EF10A4 (EF1) was amplified as an internal control using primers
5'-ATGCCCCAGGACATCGTGA-3" and 5'-CGGCACCCTTAGCTGGATC-3'.
For gRT-PCR, the primers used for RICT were 5'-CCGACGGTCCAAC-
CAACAC-3' and 5-GAGACCCGTTATGATTTGGAGAAG-3'. 18S was
amplified as an internal control using the primers 5'-CGGCTACCA-
CATCCAAGGAA-3’ and 5'-TGTCACTACCTCCCCGTGTCA-3'.

GUS Staining

The native RICT promoter (2 kb upstream of the ATG) was fused with
a GUS reporter and cloned into the pCAMBIA1391 vector. The resulting
construct was then transformed into Col-0 plants. T3 homozygous plants
from five independent lines were used for histochemical staining of GUS
activity. GUS staining was performed as described previously (Wang
et al., 2007). Images were obtained using an Olympus microscope (SZX16
or BX51) equipped with a color CCD camera (DP72 or DP70).

Ballistics-Mediated Transient Expression in Tobacco Pollen Tubes

Freshly collected mature pollen grains were subjected to a particle
bombardment procedure (Fu et al., 2001) to induce transient expression of
RIC1. To visualize the subcellular localization of wild-type or mutant RIC1
in tobacco pollen tubes, the RICT and RIC1H37D/H40D coding sequences
(Wu et al., 2001) were fused with GFP at the C terminus and placed under
the control of the Lat52 promoter in the pUC19 vector. A mass of 0.5 g of
ProLat52:RIC1-GFP or ProLat52:RIC1H37D/H40D_-GFP plasmid was used
for each bombardment (PDS-1000/He; Bio-Rad). Transformed pollen
grains were incubated in pollen germination medium (10 wM CaCl,, 1 mM
KCl, 1 mM MgSQO,, 0.01% H;BO;, and 10% sucrose, pH 7.0) for 3 h prior
to observation with a Zeiss confocal laser microscope (LSM META 510).
To assess the effect of RIC1 expression on pollen tube growth, 0.5 pg
of ProLat52:RIC1 or ProLat52:RIC1H37D/H40D  together with 0.5 g of
ProLat52:GFP, were used for bombardment. The pollen tubes were then
observed with an Olympus fluorescence microscope (BX51) equipped
with a CCD camera after 5 h of incubation in pollen germination medium. To
investigate the effect of RIC1 on F-actin dynamics, 0.5 g of ProLat52:RIC1
or ProLat52:RIC1H37D/H40D together with 0.5 g of ProLat52:Lifeact-mEGFP,
were used.

Analysis of Pollen Tube Germination and Growth Rate in Vitro

Mature Arabidopsis pollen grains were collected and germinated on solid
germination medium containing 5 mM CaCl,, 5 mM KCI, 1 mM MgSO,,
0.01% H3BO;, 10% sucrose, and 1.5% low-melting agarose (Invitrogen),
pH 7.5 (adjusted with 0.1 M NaOH) (Boavida and McCormick, 2007). An
Olympus microscope (BX51) equipped with a CCD camera was used to
observe in vitro-germinated pollen tubes. The germination rate was de-
termined after 1 or 1.5 h of incubation. A pollen grain was classified as
germinated if the pollen tube length was equal to or greater than the pollen
grain diameter, as described by Boavida and McCormick (2007). The pollen
tube length was measured at 3 h after germination using ImageJ software.

To determine the growth rates of pollen tubes, images of each pollen
tube were taken at two time points at a 5-min interval. To investigate the
effect of LatB or oryzalin on pollen tube growth, various concentrations of
the drugs were added to the germination medium.

Analysis of Pollen Tube Germination in Vivo

To observe in vivo-germinated pollen tubes in pistils, pollen and pollen
tubes were stained with aniline blue as described by Schiott et al. (2004).
Preemasculated mature wild-type flowers were pollinated with wild-type,
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RIC1 OX, orric1-1 pollen. The pollinated pistils were collected at 2, 4, 6, or
12 h after pollination and fixed in 10% acetic acid, 30% chloroform, and
60% ethanol, followed by incubation in 4 M NaOH overnight. The pistils
were then stained for 8 h with 0.05% aniline blue in 50 mM potassium
phosphate (pH 7.5) and pressed gently between a slide and a cover slip.
Images were captured using an Olympus fluorescence microscope (BX51)
equipped with a 10X objective and UV light excitation.

Immunofluorescence Microscopy of Microtubules in Pollen Tubes

To visualize the microtubule cytoskeleton in pollen tubes, we performed
an indirect immunofluorescence staining assay on Arabidopsis pollen
tubes as described in previous studies (Hwang et al., 2008; Cai et al.,
2011) with minor modifications. Briefly, Arabidopsis pollen grains were
germinated for 3 h on germination medium and later fixed for 1.5 hin 4%
formaldehyde freshly prepared from paraformaldehyde containing 50 mM
PIPES, pH 7.9, 2 mM EGTA, 2 mM MgCl,, and 10% sucrose. After
washing with PBS three times, the pollen tubes were digested with 1%
cellulase (Sigma-Aldrich) and 0.1% pectolyase Y-23 (Yakult) in PBS at
room temperature for 5 to 10 min. The resulting pollen tubes with digested
cell walls were then washed with 0.1% Nonidet P-40 in PBS for 10 min,
followed by two additional washes with 0.05% Nonidet P-40 in PBS. After
washing, the pollen tubes were incubated in blocking buffer (50 mM glycin
in PBS) at room temperature for 30 min. They were next incubated
overnight with the primary antibody (mouse anti-a-tubulin) diluted 1:500 in
PBS containing 0.05% Nonidet P-40. After three washes with 0.05%
Nonidet P-40 in PBS, the pollen tubes were incubated at room tem-
perature for 2 h with the secondary antibody (fluorescein isothiocyanate-
conjugated goat anti-mouse IgG) diluted 1:500 in PBS containing 0.05%
Nonidet P-40. After two washes with PBS, the microtubules were ob-
served with a spinning disc confocal microscope (Yokogawa) using an
Olympus IX81 microscope with a 100X/1.45 oil objective.

Rhodamine-Phalloidin Staining for Visualizing F-Actin in
Pollen Tubes

Arabidopsis pollen tubes were incubated on germination medium for 3 h
and then were fixed for 1 h in 350 uM MBS (Sigma-Aldrich; prepared in
germination medium). The treated pollen tubes were washed with 0.1%
Nonidet P-40 in germination medium for 10 min, followed by three ad-
ditional washes (10 min each) with 0.05% Nonidet P-40 in TBSS buffer (50
mM Tris-HCI, 200 mM NaCl, and 10% sucrose, pH 7.5). Then, the pollen
tubes were stained with 132 nM rhodamine-phalloidin (Sigma-Aldrich) in
TBSS with 0.05% Nonidet P-40 at room temperature for 2 h. After two
washes with TBSS, the stained pollen tubes were observed with a
spinning disc confocal microscope using a 100x/1.45 oil objective.

Live-Cell Imaging

All fluorescent images of live pollen tubes were recorded with a spinning
disc confocal microscope system (Yokogawa) using an Olympus 1X81
microscope equipped with an Andor iXon CCD camera unless otherwise
indicated. GFP was excited with a 488-nm argon laser, and emissions
were collected through 525- * 5.5-nm filters.

To visualize F-actin, pollen tubes expressing ProLat52:Lifeact-mEGFP
were incubated on germination medium for 2 to 4 h and observed using
a spinning disc confocal microscope with a 100x/1.45 oil objective.
Z-stack images were captured with a 0.5-p.m step size using a 150-ms
exposure time. Time-lapse Z-stack images (0.5-um step size) were
captured over a 540-s time period at 30-s intervals with a 200-ms ex-
posure time. To investigate F-actin severing events, time-lapse images
were taken over a 48-s time period at 2-s intervals using a 150-ms ex-
posure time, with a Z-series of two continued focal planes in the middle of
a tube (0.5-pm step size) taken at each time point.
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The subcellular localization of RIC1 in Arabidopsis pollen grains and
tubes was analyzed by stably expressing RIC7-GFP under the control of
its native promoter in ric71-1 plants. Pollen grains and tubes germinated in
vitro were observed under a spinning disc confocal microscope equipped
with a 40X oil objective.

To investigate the dynamics of RIC1 localization in growing pollen
tubes, pollen tubes expressing RIC1-GFP were incubated on solid germi-
nation medium for 3 h. A piece of solid medium with pollen tubes had been
cut and transferred to a piece of cover glass before it was put in a —20°C
refrigerator for 6 min. Then, the cover glass with pollen tubes was transferred
to room temperature and was covered with another piece of cover glass for
observation by spinning disc confocal microscopy using a 100x/1.45 oil
objective. Time-lapse Z-stack images (0.5-p.m step size) of the pollen tube
apex were captured over a 990-s time period at 10-s intervals. Control pollen
tubes (unfrozen tubes) were monitored for 400 s. The exposure time was
200 ms. The localization dynamics of RIC1 at the apical PM were
quantified by measuring the fluorescence intensity using Imaged.

To analyze F-actin dynamics in tobacco pollen tubes, pollen tubes
transiently expressing Lat52:Lifeact-mEGFP were observed with a spin-
ning disc confocal microscope using a 100x/1.45 oil objective 2 to 4 h
after bombardment. Time-lapse Z-stack images (0.5-um step size) were
captured over a 270-s time period at 30-s intervals with a 200-ms ex-
posure time.

FM4-64 Staining and Plasmolysis Assays

FM4-64 staining and plasmolysis assays were used to demonstrate that
RIC1 is localized to the apical PM of pollen tubes. Loading COM 11 pollen
tubes with FM4-64 dye was generally achieved by the direct addition of
10 pM FM4-64 in the liquid medium. To achieve plasmolysis, liquid
germination medium containing 25% mannitol was added to COM 11
pollen tubes for 10 min before observation using spinning disc confocal
microscopy.

Quantification of F-Actin Dynamics in Pollen Tubes

To quantify F-actin dynamics in pollen tubes, the F-actin fluorescence
intensity at the pollen tube apex was measured using Imaged. A semi-
elliptical segment (distance = 2 um) at the center of the extreme tip was
selected for apical F-actin analysis. The corrected average fluorescent
pixel intensity was assessed to estimate the relative amount of F-actin.
The maximum or minimum fluorescence intensity was used to estimate
the maximum or minimum relative amount of F-actin over a given period.

To quantify F-actin bundling at the shank and tip of pollen tubes,
an average skewness value and F-actin density were measured using
ImagedJ as described previously (Higaki et al., 2010; Li et al., 2012).

To analyze the F-actin severing activity of RIC1 in the tip of pollen
tubes, severing frequency, filament lifetime, and maximum length were
measured as described previously (Staiger et al., 2009). Newly formed
F-actin filaments arising from the PM were tracked and analyzed. The
lifetime results were grouped into five bins: 0to 2 s (including 2 s), 2to 6 s,
6to 10 s, 10 to 14 s, and >14 s. The maximum length a single F-actin
filament reached prior to dissociation from the PM was also measured.
ImageJ software was employed to analyze the data.

Colocalization of RIC1 with Polarity-Labeled Actin Filaments in Vitro

G-actin, rhodamine-labeled G-actin, and His-RIC1 were centrifuged at
200,000g for 1 h prior to use. Preformed F-actin (polymerized from 5 nM
G-actin) was labeled with 5 wM Alexa-488 phalloidin (Sigma-Aldrich) and
used as F-actin seeds. Rhodamine-labeled G-actin (5 wM) was then
added and incubated for another 6 min. The resulting dual-color actin
filaments displayed clear polarity with a red barbed end. The dual-color
F-actin was diluted 50-fold and added to a flow cell coated with myosin

and incubated for 5 min. Then, 2 uM His-RIC1 protein and 0.05 uM Ca2*
were applied to each flow cell. After a 5-min incubation with His-RIC1,
samples were stained with an anti-His antibody (1:1000; Sigma-Aldrich)
and a Dylight 405 goat anti-mouse IgG secondary antibody (1:100;
Abbkine). Samples without RIC1 or stained with secondary antibody alone
were used as negative controls. A spinning disc confocal system (Yokogawa)
equipped with an Olympus IX81 microscope and an Andor iXon CCD camera
was used to record the results. Alexa-488 was excited with a 488-nm argon
laser; rhodamine was excited with a 561-nm laser; and Dylight 405 was excited
with a 405-nm laser.

Cosedimentation Assays

The full-length RIC7 coding sequence was cloned into the pET-30a
vector, and 6xHis-RIC1 was expressed in Escherichia coli BL21 (DE3)
cells. Purified 6xHis-RIC1 and G-actin were centrifuged at 200,000g for
30 min at 4°C prior to use. Actin was polymerized at 25°C for 30 min in
10X KMEI buffer (500 mM KCI, 10 mM MgCl,, 10 mM EGTA, and 100 mM
imidazole-HCI, pH 7.0). For high-speed cosedimentation assays, F-actin
(polymerized from 6 wM G-actin) was incubated with various concen-
trations of 6xHis-RIC1 (0, 0.6, 1.5, 2.0, 2.5, 4, 8, and 10 nM) at room
temperature for 30 min. After centrifugation at 100,000g for 15 min at
25°C, the resulting supernatant and pellet were separated. The pellets
and supernatants were combined with loading buffer (250 mM Tris-HCI,
8% SDS, 20% glycerol, and 0.4% bromophenol blue) and then analyzed
by SDS-PAGE using 10% acrylamide gels. The quantity and binding
ratio of RIC1 and actin were measured using Imaged software. The
equilibrium K value was determined as described by Wu et al. (2010).
RIC1 in the pellet ([RIC1],,.q) Was plotted as a function of RIC1 in the
supernatant ([RIC1];,.), and the data were fitted with a hyperbolic
function using Kaleidagraph version 4.0 software (Synergy Software).

To determine whether Ca?+ affected the binding of RIC1 to F-actin,
preformed F-actin (polymerized from 6 pwM G-actin) and 6xHis-RIC1 (2.5
M) were incubated in the presence of various concentrations of Ca2* (0,
0.1, 1,10, and 100 wM) for 30 min and were then subjected to high-speed
centrifugation. The resulting supernatants and pellets were analyzed by
SDS-PAGE using 10% acrylamide gels. The quantity and binding ratio of
RIC1 and actin were measured using ImageJ software.

To test whether RIC1 affects the binding of Lifeact-GFP to F-actin,
F-actin (polymerized from 6 pM G-actin) was combined with various
concentrations of His-RIC1 (0, 6, and 10 wM) and Lifeact-GFP (5 and 15
M) and incubated for 30 min at room temperature. After centrifugation at
50,0009 for 15 min at 25°C, the resulting supernatant and pellet were
separated. The pellets and supernatants were resuspended with loading
buffer and analyzed by SDS-PAGE using 10% acrylamide gels.

To test whether CA-rop1(G15V) or DN-rop1(T20N) affects the binding
of RIC1 to F-actin, F-actin (polymerized from 6 uM G-actin) was combined
with various concentrations of His-RIC1 (2 and 4 ,.M) and CA- or DN-rop1
(1.5 and 3 pM) for 30 min at room temperature. After centrifugation at
50,0009 for 15 min at 25°C, the resulting supernatant and pellet were
separated. The pellets and supernatants were resuspended with loading
buffer and analyzed by SDS-PAGE using 10% acrylamide gels.

For low-speed cosedimentation assays, F-actin (polymerized from 8
M G-actin) was incubated with various concentrations of 6xHis-RIC1 (0,
0.1,0.2,0.4, 0.6, 1.0, and 1.6 uM) at room temperature for 30 min. After
centrifugation at 3000g for 30 min at 25°C, the resulting supernatants and
pellets were separated. The pellets and supernatants were then combined
with loading buffer and analyzed by SDS-PAGE using 10% acrylamide
gels. The quantity and rate of F-actin bundle formation were measured
using ImageJ software. To assess whether Ca?+ affected the F-actin-
bundling activity of RIC1, preformed F-actin (polymerized from 8 uM
G-actin) and 1 pM 6xHis-RIC1 were incubated with various concen-
trations of Ca?* (0, 0.01, 0.1, 1, 10, and 100 wM) for 30 min and then
subjected to low-speed centrifugation. The resulting supernatants and



pellets were analyzed by SDS-PAGE, and the quantity and rate of F-actin
bundle formation were measured using Imaged software.

To test whether CA-rop1 or DN-rop1 affected the F-actin bundling
activity of RIC1, F-actin (polymerized from 6 uM G-actin) was incubated
with various concentrations of His-RIC1 (2 wM) and rop1s (1.5 and 3 uM)
or His-RIC1 (4 uM) and rop1s (1.5 and 3 wM) for 30 min at room tem-
perature. After centrifugation at 3000g for 30 min at 25°C, the resulting
supernatants and pellets were separated. The pellets and supernatants
were resuspended with loading buffer and analyzed by SDS-PAGE using
10% acrylamide gels.

Visualization of F-Actin Organization and Dynamics in Vitro

G-actin and other proteins were centrifuged at 100,000g for 30 min prior
to use. For visualization of F-actin bundling, F-actin (polymerized from 0.5
M G-actin) was incubated with or without 1 uM Ca?* in the presence of
0.5 M RIC1 for 30 min at room temperature. The F-actin was then stained
with 0.5 pM Alexa-488 phalloidin (Sigma-Aldrich) for 15 min at room
temperature. The samples were observed by spinning disc confocal
microscopy with a 100x/1.45 oil objective.

To visualize F-actin fragmentation, F-actin (polymerized from 0.6 pM
G-actin) was combined with various concentrations of RIC1 and Ca?*
(either 0.6, 0.9, or 1.5 uM RIC1 with 3 uM Ca?* or 1.5 uM RIC1 with 1.5 uM
Ca?+) and incubated for 30 min at room temperature. The F-actin was then
stained with 0.6 wM Alexa-488 phalloidin for 15 min at room temperature.
To disperse actin bundles, 100 mM NaCl was added to the reaction.
Samples lacking free Ca2+ or RIC1 served as negative controls. The
reactions were diluted 10-fold in KMEI buffer prior to observation. The
samples were then observed with a spinning disc confocal system
(Yokogawa) equipped with an Olympus 1X81 microscope and an Andor
iXon CCD camera, using a 100x/1.45 oil objective.

To visualize F-actin severing events, a previously reported procedure
(Zhang et al. 2010) was adopted with minor modifications. Rhodamine-
labeled G-actin was centrifuged at 200,000g for 2 h prior to use. Pre-
formed F-actin (polymerized from 0.1 wM rhodamine-labeled G-actin) was
added to a flow cell coated with myosin and incubated for 5 min. Then,
various combinations of RIC1 and Ca?* were applied to individual flow
cells (either 0.05 uM RIC1 with 0, 0.1, 1, 10, or 100 wM free Ca2+ or 100 uM
free Ca?* with 0, 0.001, 0.005, 0.01, 0.02, 0.05, or 0.1 uM RIC1). The
F-actin was immediately observed with a spinning disc confocal micro-
scope using a 100x/1.45 oil objective. Time-lapse images were collected
every 5 s for 500 s by TIRFM. The average severing frequency was
measured using Imaged.

To analyze the effects of CA-rop1(G15V) or DN-rop1(T20N) on the
F-actin severing ability of RIC1, F-actin (polymerized from 0.6 wM G-actin)
was combined with His-RIC1 (0.5 uM), Ca2* (0.15 wM), His-CA-rop1 (0.5
M), or His-DN-rop1 (0.5 pM) and incubated for 5 min at room tem-
perature. F-actin was then stained with 0.6 uM Alexa-488 phalloidin for 15
min at room temperature. To disperse actin bundles, 100 mM NaCl was
added to the reaction solution. Samples lacking RIC1 or rop1 were used
as controls. Reactions were diluted 10-fold in KMEI buffer prior to ob-
servation. The samples were then observed with a spinning disc confocal
microscope equipped with a 100x/1.45 oil objective.

F-actin elongation and depolymerization assays were performed as
described previously (Huang et al., 2005; Zhang et al., 2010). For elon-
gation assays, F-actin (polymerized from 0.8 M G-actin) was incubated
with various concentrations of RIC1 (0, 0.4, 0.8, 1.2, and 2 M) for 5 min at
room temperature. After incubation of 1 wM G-actin (10% pyrene-labeled)
with 3 wM human profilin | for 2 min on ice, 10X KMEI buffer (15 pL) and
G-buffer (6 mM Tris-HCI, pH 8.0, 0.2 mM ATP, 0.5 mM DTT, 0.2 mM
CaCl,, and 0.01% NaNj,) were added to initiate elongation at the barbed
ends of F-actin filaments. The K of RIC1 binding to the barbed ends
of actin filaments was determined as described previously (Huang
et al., 2003). To test whether the effect of RIC1 on F-actin elongation
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was Ca2* concentration-dependent, F-actin (polymerized from 0.8 uM
G-actin) was incubated with 0.8 uM RIC1 in the presence of various
concentrations of free Ca2* (0, 1, 10, and 100 wM). Next, 1 M G-actin
saturated with 3 uM human profilin | was added as described above.
The change in fluorescence, indicative of the actin polymerization rate,
was monitored using a fluorimeter (QuantaMaster Luminescence QM
3 PH fluorimeter; Photon Technology International) after actin elon-
gation was initiated.

To assay F-actin depolymerization, F-actin (polymerized from 0.2 uM
G-actin; 50% pyrene-labeled) was incubated with various concentrations
of RIC1 (0, 0.04, 0.08, 0.12, 0.2, 0.28, and 0.4 uM) for 5 min at room
temperature. The resulting mixture was then diluted with G-buffer (con-
taining 2 mM EGTA to chelate redundant free Ca2*) until the final volume
reached 150 pL. To test whether the effect of RIC1 on F-actin de-
polymerization was Ca2+ concentration-dependent, F-actin (polymerized
from 0.2 uM G-actin) was incubated with 0.12 uM RIC1 in the presence of
various concentrations of free Ca2+ (0, 0.1, 1, 10, and 100 wM). The
change in fluorescence, indicative of the actin depolymerization rate, was
monitored with a fluorimeter as described above.

Accession Numbers

The sequence data for RIC1 can be found in the Arabidopsis Genome
Initiative database under accession number AT2g33460.
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