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Arabidopsis AIP1-1 regulates the organization of apical actin
filaments by promoting their turnover in pollen tubes
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Apical actin filaments are highly dynamic structures that are crucial for rapid pollen tube growth, but the mechanisms regulating
their dynamics and spatial organization remain incompletely understood. We here identify that AtAIP1-1 is important for
regulating the turnover and organization of apical actin filaments in pollen tubes. AtAIP1-1 is distributed uniformly in the pollen
tube and loss of function of AtAIP1-1 affects the organization of the actin cytoskeleton in the pollen tube. Specifically, actin
filaments became disorganized within the apical region of aip1-1 pollen tubes. Consistent with the role of apical actin filaments
in spatially restricting vesicles in pollen tubes, the apical region occupied by vesicles becomes enlarged in aip1-1 pollen tubes
compared to WT. Using ADF1 as a representative actin-depolymerizing factor, we demonstrate that AtAIP1-1 enhances ADF1-
mediated actin depolymerization and filament severing in vitro, although AtAIP1-1 alone does not have an obvious effect on
actin assembly and disassembly. The dynamics of apical actin filaments are reduced in aip1-1 pollen tubes compared to WT. Our
study suggests that AtAIP1-1 works together with ADF to act as a module in regulating the dynamics of apical actin filaments to
facilitate the construction of the unique “apical actin structure” in the pollen tube.
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INTRODUCTION

Pollen tube growth depends on a dynamically remodeled
actin cytoskeleton, which is organized into distinct structures
in different regions of the pollen tube (Chen et al., 2009;
Cheung and Wu, 2008; Fu, 2015; Qu et al., 2015; Ren and
Xiang, 2007; Staiger et al., 2010). Actin filaments within the
apical region are presumably more directly involved in the
regulation of pollen tube growth and turning by controlling
vesicle trafficking as well as exocytic and endocytic events
to drive membrane expansion and cell wall synthesis. In
support of this notion, treatment with a low dosage of the

actin depolymerizing agent latrunculin B (LatB) quite spe-
cifically alters the dynamics of apical actin filaments, which
leads to arrested pollen tube growth, but has no obvious
effect on shank-localized longitudinal actin cables and cy-
toplasmic streaming (Gibbon et al., 1999; Vidali et al., 2001).
Previous observations showed that actin filaments are mainly
generated from the plasma membrane (PM) within the
growth domain of the pollen tube (Cheung et al., 2010; Lan
et al., 2018; Liu et al., 2015; Qu et al., 2013; Zhang et al.,
2016), and these actin filaments are arrayed into the distinct
“apical actin structure” in the pollen tube (Qu et al., 2017).
However, we still have an incomplete understanding of the
mechanisms that generate an apical actin structure that is
properly organized yet can still be dynamically remodeled to
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support rapid polarized pollen tube growth.
As the central regulator of actin turnover, actin-depoly-

merizing factor (ADF) has been implicated in the regulation
of actin dynamics in pollen cells (Bou Daher et al., 2011;
Chen et al., 2002; Daher and Geitmann, 2012; Jiang et al.,
2017; Smertenko et al., 2001; Zheng et al., 2013; Zhu et al.,
2017). In particular, it has been confirmed that ADF has a
role in promoting the turnover and ordering of apical actin
filaments as well as the construction of the apical actin
structure in pollen tubes (Jiang et al., 2017). Understanding
how the activity of ADF is regulated will provide insights
into the regulation of the apical actin structure in pollen
tubes. Actin-interacting protein 1 (AIP1) was originally
identified as an actin-interacting protein in yeast (Amberg et
al., 1995), and was subsequently shown to interact with co-
filin and enhance cofilin-mediated actin depolymerization in
vitro (Rodal et al., 1999). The ability of plant AIP1 proteins
to enhance ADF-mediated actin depolymerization has been
confirmed in vitro (Allwood et al., 2002; Shi et al., 2013) and
in vivo (Augustine et al., 2011; Shi et al., 2013). In addition,
AIP1 has been implicated in the regulation of plant growth
and development (Ketelaar et al., 2004; Kiefer et al., 2015).
Although AIP1 is a likely candidate player in regulating the
unique apical actin structure in the pollen tube, it remains to
be documented how exactly AIP1 regulates the dynamics
and organization of apical actin filaments and the construc-
tion of the apical actin structure in pollen tubes.
Here, we characterized the function and mechanism of

action of Arabidopsis AIP1-1 (AtAIP1-1) in regulating actin
dynamics within the apical region of pollen tubes using a
combination of state-of-the-art in vitro biochemical assays
and live-cell imaging technology. We found that loss of
function of AtAIP1-1 induces disorganization of apical actin
filaments, which impairs the formation of the apical actin
structure and consequently alters the pattern of vesicle ac-
cumulation in pollen tubes. Live-cell imaging of the dy-
namics of actin filaments showed that actin filament severing
and monomer dissociation events are reduced in aip1-1
pollen tubes. Consistent with these findings, AtAIP1-1 en-
hances ADF1-mediated actin filament severing and mono-
mer dissociation in vitro. Our study suggests that AtAIP1-1
acts in concert with ADF in regulating the turnover of actin
filaments within the growth domain of pollen tubes and fa-
cilitates the construction of the apical actin structure.

RESULTS

Loss of function of Arabidopsis AIP1-1 impairs pollen
germination and pollen tube growth

Previous study showed that there are two AIP1-like genes in
the Arabidopsis genome, designated as AtAIP1-1 and
AtAIP1-2 (Allwood et al., 2002). AtAIP1-1 is expressed

specifically in pollen (https://genevestigator.com/gv/). To
analyze the function of AtAIP1-1 in regulating actin dy-
namics in pollen tubes, we obtained a mutant line with T-
DNA inserted in the second exon of the gene (Figure 1A).
We found that it is a knockout mutant since full-length
AtAIP1-1 transcripts are absent (Figure 1B). We next per-
formed in vitro germination experiments to determine the
effect of loss of function of AtAIP1-1 on pollen germination
and pollen tube growth. The pollen germination percentages
and pollen tube growth rates are reduced significantly in
aip1-1 mutants compared to WT (Figure 1C–F). To com-
plement aip1-1 mutant, we generated an AtAIP1-1-EGFP
fusion construct driven by the native AtAIP1-1 promoter.
After transforming the fusion construct into the aip1-1 mu-
tant, we found that the level of AtAIP1-1 transcripts is re-
stored (Figure S1A in Supporting Information) and the
pollen germination defects are rescued (Figure S1B and C in
Supporting Information), which suggests that the phenotype
in aip1-1 mutants is indeed caused by the loss of function of
AtAIP1-1. Thus, our results suggest that loss of function of
AtAIP1-1 inhibits pollen germination and pollen tube
growth.

Loss of function of AtAIP1-1 induces disorganization of
apical actin filaments and impairs the formation of the
apical actin structure at the pollen tube tip

We next examined the organization of actin filaments in
pollen tubes by staining with Alexa-488-phalloidin as de-
scribed previously (Zhang et al., 2010a). The fluorescence
intensity of actin filaments appeared to be higher in the
middle region of aip1-1 pollen tubes than that of WT tubes
(Figure 2A–C). Statistical analysis of the results showed that
the average fluorescence intensity of shank-localized actin
filaments in aip1-1 pollen tubes is significantly higher than
that in WT pollen tubes (Figure 2D). In line with this finding,
we found that the rate of actin turnover is reduced in aip1-1
pollen grains, which is evidenced by the insensitivity of the
actin cytoskeleton to LatB treatment (Figure S1C and D in
Supporting Information). Specifically, after treatment with
the actin polymerization inhibitor LatB (150 nmol L–1), actin
filaments became fragmented in WT pollen grains, whereas
actin filaments are intact and form heavy bundles in aip1-1
pollen grains (Figure S1C and D in Supporting Information).
In addition, the sensitivity of the actin cytoskeleton to
treatment with LatB is restored in pollen grains derived from
the AtAIP1-1 complementation line (Figure S1D in Sup-
porting Information), which suggests that the actin turnover
defect in aip1-1 pollen grains is indeed caused by the loss of
function of AtAIP1-1. There was no significant difference in
the fluorescence intensity of actin filaments within the apical
and subapical regions of aip1-1 pollen tubes when compared
to those in WT pollen tubes (Figure 2E). However, the actin
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filaments appeared more disorganized in aip1-1 pollen tubes
compared to WT (Figure 2A), which was supported by
measurements showing that the angles formed between the
apical actin filaments and the growth axis of pollen tubes
were substantially increased in aip1-1 pollen tubes compared
to WT pollen tubes (Figure 2F). Interestingly, we found that
the region with less actin filaments extends a lot further from
the pollen tube tip toward the tube base in aip1-1 pollen tubes
compared to WT pollen tubes (Figure 2A). Nonetheless,
these data together suggest that loss of function of AtAIP1-1
increases the amount of shank-localized actin filaments and
causes disorganization of actin filaments within the apical
and subapical regions of pollen tubes.

Loss of function of AtAIP1-1 affects the apical
accumulation pattern and tip-directed movement of
vesicles in pollen tubes

Actin filaments within the apical and subapical regions of
pollen tubes are involved in regulating the transport and
accumulation of vesicles. Therefore, we examined whether
the vesicle accumulation pattern and tip-directed trafficking
were altered in aip1-1 pollen tubes. We used YFP-RabA4b to
decorate transport vesicles as described previously (Zhang et
al., 2010b). The results showed that the accumulated vesicles
in the apical region of WT pollen tubes exhibited an inverted
“V” shape (Figure 3A). However, the region of vesicle ac-

cumulation was enlarged in aip1-1 pollen tubes compared to
WT pollen tubes (Figure 3A), and this was supported by
visualizing the YFP-RabA4b-decorated vesicles in trans-
verse sections of pollen tubes (Figure 3B). Further ob-
servations revealed that the enlargement of the vesicle
accumulation region was maintained during pollen tube
growth (Figure 3C). The vesicle accumulation data are
consistent with the above data showing that the region with
less actin filaments became enlarged in aip1-1 pollen tubes
(Figure 2A). These data support the notion that apical actin
filaments act as the physical barrier to spatially restrict ve-
sicles at the tip of pollen tubes. To quantify the tip-directed
transportation of vesicles in WT and aip1-1 pollen tubes, we
performed fluorescence recovery after photobleaching
(FRAP) experiments for both WT and aip1-1 pollen tubes
(Figure S2A in Supporting Information) and found that the
rate of FRAP is substantially reduced in aip1-1 pollen tubes
(Figure S2B in Supporting Information). This suggests that
the rate of turnover of vesicles is reduced in aip1-1 pollen
tubes, which implies that the tip-directed movement of ve-
sicles is impaired in aip1-1 pollen tubes. As the amount of
vesicles accumulate at the tip of pollen tubes depends on the
relative change in the tipward and backward movement of
vesicles, our data imply that the backward movement of
vesicles was also impaired in aip1-1 pollen tubes. None-
theless, these data together suggest that the tip-directed
transportation and accumulation of vesicles are altered in
aip1-1 pollen tubes.

Figure 1 Loss of function of AtAIP1-1 impairs pollen germination and pollen tube growth. A, Physical structure of AtAIP1-1. Black boxes and lines
indicate exons and introns, respectively. Gray boxes indicate 5′-UTR and 3′-UTR. The T-DNA insertion site in the second exon is also shown. B, RT-PCR
analysis of AtAIP1-1 transcripts. eIF4A was amplified as the control. C, Micrographs of pollen germinated on germination medium for 1.5 h. Scale bar,
100 μm. D, Quantification of pollen germination percentage. Data are presented as mean±SE. **, P<0.01 by χ2 test. E, Micrographs of pollen tubes.
Representative pollen tubes at two time points are presented. Scale bar, 20 μm. F, Quantification of pollen tube growth rates. Data are presented as mean±SE.
**, P<0.01 by Student’s t-test.
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AtAIP1-1 is distributed uniformly in the cytoplasm
throughout the entire pollen tube

After establishing that AtAIP1-1-EGFP is a functional fusion
construct (Figure S1 in Supporting Information), we used it
to indicate the intracellular localization of AtAIP1-1 in
pollen tubes. We found that although AtAIP1-1 binds to actin
filaments in vitro (see below), AtAIP1-1-EGFP is distributed
quite uniformly within the cytoplasm of the pollen tube and

does not form obvious filamentous structures (Figure 4A).
Fluorescence intensity measurements showed that the dis-
tribution of AtAIP1-1-EGFP is quite uniform within the
cytoplasm of the entire pollen tube (Figure 4B). We did not
notice any concentration of AtAIP1-1-EGFP at the subapex,
which contrasts with a previous study in which the locali-
zation of AIP1 in pollen tubes was revealed by im-
munostaining with an anti-AIP1 antibody (Lovy-Wheeler et
al., 2006).

Figure 2 Membrane-originated actin filaments within the apical region of pollen tubes become lengthened in aip1-1. A, Actin filaments in WT (left) and
aip1-1 (right) pollen tubes revealed by staining with Alexa-488 phalloidin. The projection image and optical sections are presented. The right panels are
transverse sections; the distances from the tip of the pollen tubes are indicated on the image. Scale bar, 5 μm. B, Plot of the fluorescence intensity of actin
staining starting from the tip of WT pollen tubes. Results are presented as mean±SE (the black line is the mean and the shaded region shows the SE). More
than 20 pollen tubes were measured. C, Plot of the fluorescence intensity of actin staining starting from the tip of aip1-1 pollen tubes. Results are presented as
mean±SE (the black line is the mean and the shaded region shows the SE). More than 20 pollen tubes were measured. D, Quantification of the average
fluorescence intensity of actin filaments within the region that is 10–30 μm from the tip of the pollen tube. Data are presented as mean±SE. More than 20
pollen tubes were measured. **, P<0.01 by Student’s t-test. E, Quantification of the average fluorescence intensity of actin filaments within the region that is
0–10 μm from the tip of pollen tubes. Data are presented as mean±SE. F, Quantification of the angles formed between apical actin filaments and the growth
axis of pollen tubes. More than 100 actin filaments were measured from 15 pollen tubes. The inset image shows the schematic diagram describing how we
measured the angles formed between actin filaments and the growth axis of pollen tubes. Actin filaments were indicated by green lines, and the growth axis of
pollen tube was indicated by a black arrow. θ represents the angle formed between F-actin and the growth axis of the pollen tube.
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Loss of function of AtAIP1-1 reduces the dynamics of
apical actin filaments in pollen tubes

Next, we examined the dynamics of actin filaments deco-
rated with Lifeact-EGFP as described previously (Qu et al.,
2013; Vidali et al., 2009). We specifically focused on ex-
amining actin filaments within the growth domain of pollen
tubes. By kymograph analysis, we found that membrane-
originated actin filaments occupied a wider region within
aip1-1 pollen tubes compared to WT pollen tubes (Figure
5A), and the overall length of membrane-originated actin
filaments was significantly longer in aip1-1 pollen tubes than
in WT (Figure 5B). We next sought to examine the dynamics
of individual actin filaments by tracing them and measuring
the parameters associated with their dynamics (Figure 5C).
The angles formed between the membrane-originated actin
filaments and the growth axis of the pollen tubes were sub-
stantially increased in aip1-1 pollen tubes compared to WT
pollen tubes (Figure 5D), which is consistent with the ob-
servations shown in Figure 2F. In addition, we found that the
average actin filament severing frequency decreased sig-
nificantly in aip1-1 pollen tubes compared to WT (Figure
5E). Actin monomer dissociation events also decreased
substantially in aip1-1 pollen tubes compared to WT (Figure
5E). Accordingly, we found that both maximal filament
length and maximal filament lifetime increased significantly
in aip1-1 pollen tubes compared to WT (Figure 5E). How-
ever, there was no significant difference in actin filament
elongation rate between aip1-1 pollen tubes and WT pollen
tubes (Figure 5E). Nonetheless, these data together suggest
that the dynamics of actin filaments are reduced in aip1-1
pollen tubes. This decrease in actin dynamics provides an
explanation for why the rate of actin turnover is reduced in

aip1-1 pollen grains, as described above.

AtAIP1-1 enhances ADF1-mediated actin
depolymerization and severing

We next examined the activity of AtAIP1-1 in promoting
ADF-mediated actin depolymerization. The well-character-
ized ArabidopsisADF1 (Carlier et al., 1997) was taken as the
representative plant actin-depolymerizing factor. We gener-
ated recombinant AtAIP1-1 protein (Figure 6A) and initially
examined its effects on actin dynamics in vitro by high-speed
F-actin cosedimentation experiments. We found that al-
though AtAIP1-1 binds to actin filaments (Figure 6B and C),
it does not affect the amount of actin in the pellet compared
to actin alone (Figure 6D), which suggests that AtAIP1-1
does not have an obvious effect on actin assembly and dis-
assembly in vitro. Next, we examined the effect of AtAIP1-1
on actin dynamics in the presence of ADF1. Consistent with
a previous observation that ADF1 efficiently promotes actin
depolymerization (Carlier et al., 1997), we found that ADF1
substantially enhances the amount of actin in the supernatant
assayed with the high speed F-actin cosedimentation ex-
periment (Figure 6E). Strikingly, the addition of AtAIP1-1
along with ADF1 substantially increases the amount of actin
in the supernatant compared to ADF1 alone (Figure 6E).
Furthermore, this effect of AtAIP1-1 on the ADF1-mediated
increase in the amount of actin in the supernatant is dose-
dependent (Figure 6F). These data suggest that AtAIP1-1 can
enhance ADF1-mediated actin depolymerization. Given that
ADF/cofilin also severs actin filaments, we used total in-
ternal reflection fluorescence microscopy (TIRFM) to in-
vestigate whether AtAIP1-1 can enhance ADF1-mediated
severing of actin filaments. We found that the addition of

Figure 3 The regions of apical vesicle accumulation is enlarged in aip1-1 pollen tubes. A, Images of YFP-RabA4-labeled vesicles in WT and aip1-1 pollen
tubes. Scale bar, 5 μm. B, The upper panel shows transverse sections of WT and aip1-1 pollen tubes. The distances from the tip of the pollen tubes are shown.
Scale bar, 5 μm. The lower panel shows three-dimensional analysis of the distribution of the fluorescence intensity of vesicles in transverse sections of pollen
tubes. The values on the images indicate the distance of the transverse sections from the tip of the pollen tubes. C, Kymograph analysis of the vesicle
distributions in WT and aip1-1 pollen tubes during their growth.
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AtAIP1-1 alone does not have an obvious effect on actin
filaments when compared to the buffer control (Figure 6G(a
and b)), whereas the addition of ADF1 alone caused frag-
mentation of actin filaments (Figure 6G(c)), which is con-
sistent with the fact that ADF1 can sever actin filaments.
Strikingly, actin filament fragmentation events increased
substantially when AtAIP1-1 was added along with ADF1
(Figure 6G(d)). The effect of AtAIP1-1 on enhancing ADF1-
mediated fragmentation of actin filaments was supported by
measurements showing that the average actin filament se-
vering frequency increases significantly in the presence of
ADF1 and AtAIP1-1 compared to ADF1 alone (Figure 6H).
These data suggest that AtAIP1-1 itself does not have an
overt effect on actin assembly and disassembly, but it en-

hances ADF1-mediated actin depolymerization and actin
filament severing in vitro.

DISCUSSION

Here we demonstrate that AtAIP1-1 is involved in the reg-
ulation of the turnover and organization of apical actin fila-
ments, which is crucial for tip-directed trafficking and
accumulation of vesicles as well as normal pollen tube
growth. Our in vitro and in vivo data suggest that AtAIP1-1
acts in concert with ADF to enhance the turnover of mem-
brane-originated actin filaments within the growth domain of
pollen tubes. This study, along with previous observations
(Jiang et al., 2017), implicates AtAIP1-1/ADF as a reg-
ulatory module in the turnover and organization of mem-
brane-originated actin filaments that are presumably
nucleated by the membrane-anchored class I formins
(Cheung et al., 2010; Lan et al., 2018). Consequently, this
module facilitates the formation of the unique “apical actin
structure” in pollen tubes (Qu et al., 2017). Our study thus
substantially enhances our understanding of the cellular
mechanisms underlying the regulation of the turnover and
organization of membrane-originated actin filaments within
the growth domain of pollen tubes.
Our in vitro biochemical data showed that AtAIP1-1 does

not have an overt effect on actin assembly and disassembly,
whereas it substantially enhances ADF1-mediated severing
and depolymerization of actin filaments (Figure 6). This
suggests that Arabidopsis AtAIP1-1 is biochemically similar
to AIP1 homologues from other organisms (Jansen et al.,
2015; Okada et al., 1999; Ono, 2001; Rodal et al., 1999; Shi
et al., 2013). Accordingly, we found that actin filaments in
aip1-1 pollen grains are more resistant to treatment with
latrunculin B than actin filaments in WT pollen grains
(Figure S1D in Supporting Information), and actin filaments
stained with fluorescent phalloidin are brighter overall in
aip1 pollen tubes than in WT pollen tubes (Figure 2A–C).
The effect of loss of AtAIP1-1 function on the actin cytos-
keleton in pollen cells is similar to that reported in cells from
other organisms or other cell types from the same organism
(Augustine et al., 2011; Ketelaar et al., 2004; Konzok et al.,
1999; Rodal et al., 1999; Shi et al., 2013). In addition, actin
filaments became comparatively more disorganized in aip1-
1 pollen tubes (Figures 2A and 5C), which suggests that
AtAIP1-1 is also involved in regulating the organization of
actin filaments in pollen tubes. It was reported previously
that ADF promotes the ordering of apical actin filaments by
eliminating mis-aligned membrane-originated actin fila-
ments in pollen tubes (Jiang et al., 2017). We think that
AtAIP1-1 likely facilitates this function of ADF. In total, our
in vitro and in vivo data suggest that the main function of
AtAIP1-1 is to promote the turnover of membrane-originated

Figure 4 AtAIP1-1 is distributed uniformly in pollen tubes. A, Images of
AtAIP1-1-EGFP in a pollen tube. Both the projection image and optical
sections are presented. Scale bar, 5 μm. B, Plot of the average fluorescence
intensity of AtAIP1-1-EGFP in pollen tubes, starting from the tip and
continuing along the growth axis. Data are presented as mean±SE (the
black line is the mean and the shaded region shows the SE). More than 20
pollen tubes were measured.
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actin filaments and limit their lengths by acting in concert
with ADF in pollen tubes, which consequently controls the
construction of the unique “apical actin structure” within the
growth domain of pollen tubes as proposed previously (Qu et
al., 2017). Consequently, AtAIP1-1 controls the normal
trafficking and accumulation of vesicles at the tip of pollen
tube to drive its growth. Indeed, similar to the results in adf10
mutant pollen tubes (Jiang et al., 2017), we found that the
vesicle accumulation region became enlarged in aip1-1
pollen tubes (Figure 3). This supports the previously pro-
posed idea that apical actin filaments act as the physical
barrier to spatially restrict the apically accumulated vesicles
in the pollen tube (Kroeger et al., 2009). Our study therefore
also provides insights into the functional relationship be-
tween actin filaments and vesicle transportation and accu-
mulation within the growth domain of pollen tubes.
Our conclusion that the AtAIP1-1/ADF module mainly

enhances the turnover of membrane-originated actin fila-
ments and regulates their organization within the growth
domain of pollen tubes differs from the previous notion that
ADF promotes actin polymerization by fragmenting actin
filaments to generate more free barbed ends for the addition
of actin monomers (Lovy-Wheeler et al., 2005). The pre-
vious notion was mainly based on the hypothesis that actin
filaments are generated locally at the subapex of pollen tubes
(Lovy-Wheeler et al., 2005) and the observation that ADF
(Chen et al., 2002) and AIP1 (Lovy-Wheeler et al., 2006) are
concentrated at the subapex of the pollen tube. To reconcile
the contradiction between the formation of prominent sub-
apical actin structures and the concentration of ADF at the
subapex of pollen tubes, the authors argued that ADF severs
actin filaments to generate more barbed ends, thereby aug-
menting local actin polymerization at the subapex (Lovy-
Wheeler et al., 2005). Indeed, ADF/cofilin is capable of

Figure 5 Apical actin filaments become disorganized and are less dynamic in aip1-1 pollen tubes. A, Kymograph analysis of apical actin filaments in WT
and aip1-1 pollen tubes during their growth. Red lines indicate the region occupied by apical actin filaments. B, Quantification of the average length of
membrane-originated apical actin filaments in WT and aip1-1 pollen tubes. More than 20 pollen tubes were measured. Data are presented as mean±SE, **,
P<0.01 by Student’s t-test. C, Actin filaments in the apical regions of WT and aip1-1 pollen tubes revealed by decoration with Lifeact-GFP. Actin filaments
are indicated by different colored dots. The red arrowheads indicate the actin filament severing events. Scale bar, 5 μm. D, Quantification of the angles
formed between actin filaments and the growth axis of pollen tubes. More than 200 actin filaments were selected from more than 10 pollen tubes within the
region 20 μm from the pollen tube tip. The values on the Y-axis represent the percentage of actin filaments within the ranges of angles shown on the X-axis. E,
Statistical analysis of parameters of actin dynamics in WT and aip1-1 pollen tubes. Values are presented as means±SD. The numbers of actin filaments
analyzed are shown in in parentheses. *, P<0.05; **, P<0.01; ND, no significant difference. The statistical comparison between aip1-1 and WT was
performed by Student’s t-test.
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promoting actin polymerization in mammalian cells (Ghosh
et al., 2004). With the introduction of state-of-the-art live-
cell imaging technology to trace the dynamics of actin fila-
ments within growing pollen tubes, it is now clear that actin
filaments are mainly generated from the membrane within
the growth domain of pollen tubes (Cheung et al., 2010; Lan
et al., 2018; Liu et al., 2015; Qu et al., 2013; Zhang et al.,
2016). Given that membrane-originated actin filaments are
nucleated by membrane-anchored formins within the growth
domain of pollen tubes (Cheung et al., 2010; Lan et al.,
2018), the ends of actin filaments growing toward the cy-
toplasm are pointed ends, which theoretically contain ADP-
actin that is favored by ADF. We therefore propose a model
in which AtAIP1-1/ADF trims membrane-originated actin
filaments to maintain their lengths and construct the unique
apical actin structure in the pollen tube. In summary, our
study provides significant insights into the cellular me-
chanisms underlying the regulation of the construction of the
apical actin structure in the pollen tube.

MATERIALS AND METHODS

Plant materials and growth conditions

The AtAIP1-1 T-DNA insertion line CSHL_GT8956 was
obtained from Nottingham Arabidopsis Stock Centre
(NASC). Since CSHL_GT8956 is in the Landsberg back-
ground, it was backcrossed three times with the Arabidopsis
Columbia-0 (Col-0) ecotype. After segregation, the wild type
(WT) siblings were used as the WT plants in this study.
Arabidopsis plants were grown in a culture room at 22°C
under a 16-h light/8-h dark photoperiod.

Plasmid construction

In order to determine the intracellular localization of
AtAIP1-1, a construct containing a carboxyl (C)-terminal
EGFP fusion of AtAIP1-1 was generated with expression
driven by the native AtAIP1-1 promoter. The PCR fragments
were amplified with proAIP1-1-F-USCA/proAIP1-1-R-

Figure 6 AtAIP1-1 binds to actin filaments and enhances ADF1-mediated actin depolymerization in a dose-dependent manner. A, SDS-PAGE analysis of
purified recombinant AtAIP1-1 protein. B, SDS-PAGE analysis of protein samples from the high-speed F-actin cosedimentation experiments. S, supernatant;
P, pellet. [F-actin], 3 μmol L–1; [AtAIP1-1], 1 μmol L–1. C, Bar chart showing the amount of AtAIP1-1 in the pellet in the presence or absence of F-actin. Data
are presented as mean±SE; *, P<0.05 by Student’s t-test. D, Bar chart showing the amount of actin in the pellet in the presence or absence of AtAIP1-1. Data
are presented as mean±SE. E, SDS-PAGE analysis of protein samples from F-actin cosedimentation analysis in the presence or absence of AtAIP1-1 and
ADF1. S, supernatant; P, pellet. [F-actin], 3 μmol L–1; [AtAIP1-1], 1 μmol L–1; [ADF1], 10 μmol L–1. F, Quantification of the amount of actin in the
supernatant in the presence of 10 μmol L–1 ADF1 and various amounts of AtAIP1-1. Data are presented as mean±SE. G, Time-lapse images of actin filaments
in the absence or presence of ADF, AtAIP1-1 or ADF1+AtAIP1-1. Actin filaments were revealed by Oregon green. The red arrowheads indicate actin
filament fragmentation events. Scale bar, 10 μm. H, Quantification of the average actin filament severing frequencies. Values represent mean±SE. Capital
letters represent P<0.01 by Student’s t-test.
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USCA, gAIP1-1-F-USCA-C/gAIP1-1-R-USCA-C and
EGFP-F-USCA-C/EGFP-R-USCA-C (Table S1 in Support-
ing Information) using Arabidopsis genomic DNA as the
template and moved into pCambia1301 with the seamless
ligation method to generate pCambia1301-AtAIP1-1-EGFP.
To generate recombinant AtAIP1-1 protein, the coding re-
gion sequence of AtAIP1-1 was amplified with primer pair
AIP1-1F (Nde I)/AIP1-1R (Sal I) (Table S1 in Supporting
Information), and the error-free PCR product was moved
into pET28a restricted with Nde I/Sal I to generate pET28a-
AtAIP1-1 plasmid.

Complementation and visualization of the intracellular
localization of AtAIP1-1 in pollen tubes

The pCambia1301-AtAIP1-1-EGFP plasmid was introduced
into Agrobacterium tumefaciens strain GV3101 and trans-
formed into aip1-1 plants via the floral dip method (Clough
and Bent, 1998). The transgenic plants were designated as
AIP1-1p:AIP1-1-EGFP;aip1-1. Pollen grains derived from
the T3 homozygous transgenic plants were used to analyze
the intracellular localization of AtAIP1-1 in pollen tubes.
The images of AIP1-1-EGFP in Arabidopsis pollen tubes
were obtained with an Olympus FV1200 laser scanning
confocal microscope excited under a 488-nm argon laser
with the emission wavelength set at 500–550 nm. The z-
series images were collected with the z-step size set at 0.5
μm. The projection of z-series images was performed with
ImageJ software (http://rsbweb.nih.gov/ij/; version 1.48g)
and the fluorescence intensity of AIP1-1-EGFP in pollen
tubes was measured with the same software.

RT-PCR

RT-PCR was performed to determine the transcript levels
of AtAIP1-1 in pollen derived from WT, aip1-1 and the
complementation lines. Total RNA was isolated from pol-
len using Trizol reagent (Invitrogen) and was reverse
transcribed using MMLV reverse transcriptase (Promega)
according to the manufacturer’s instructions. To amplify
full-length AtAIP1-1 transcripts, semi-quantitative RT-
PCR analysis was performed with primer pair AIP1-1F
(Nde I)/AIP1-1R(Sal I) (Table S1 in Supporting Informa-
tion). The amount of AtAIP1-1 transcripts was also de-
termined by the quantitative RT-PCR analysis with the
primer pair qAtAIP1-1F/qAtAIP1-1R (Table S1 in Sup-
porting Information). eIF4A was amplified as an internal
control with primer pair eIF4AFOR/eIF4AREV (Table S1 in
Supporting Information). The 2–ΔΔCt method (Livak and
Schmittgen, 2001) was used to quantify the qRT-PCR re-
sults. 2×RealStar Power SYBR Mixture (GeneStar) was
used for the amplification.

In vitro Arabidopsis pollen germination and pollen tube
growth and measurements

Arabidopsis pollen germination in vitro was performed es-
sentially according to a previously published method (Wu et
al., 2010; Yu et al., 2018). Briefly, freshly opened Arabi-
dopsis flowers were collected and then touched onto the
surface of pollen germination medium (GM: 1 mmol L–1

CaCl2, 1 mmol L
–1 Ca(NO3)2, 1 mmol L

–1 MgSO4, 0.01%
(w/v) H3BO3, and 18% (w/v) sucrose, pH 6.9–7.0 solidified
with the addition of 0.8% (w/v) agar). Pollen germination
was performed at 28°C under moist conditions. The de-
termination of pollen germination percentage and pollen tube
growth rates was performed exactly according to the pre-
viously published method (Wu et al., 2010). To determine the
effect of latrunculin B (LatB) on pollen germination, the
required amount of LatB was included into the GM before
the solidification of the GM. The experiments were repeated
at least three times.

Actin staining with Alexa-488-phalloidin in fixed pollen
grains and pollen tubes, and quantification

Staining of actin filaments in fixed pollen grains and pollen
tubes was performed roughly according to a previously
published method (Wu et al., 2010). Briefly, after being
cultured on the surface of solid pollen GM for 1 h, they were
subjected to treatment with 300 μmol L–1 m-mal-
eimidobenzoyl-N-hydroxysuccinimide ester in liquid GM
for 1 h. After treatment with 0.05% NP-40 in liquid GM for
10 min, pollen grains and pollen tubes were washed with
TBSS (50 mmol L–1 Tris-HCl, pH 7.5, 200 mmol L–1 NaCl,
and 400 mmol L–1 sucrose) three times. The treated samples
were subsequently incubated with 200 nmol L–1 Alexa-488
phalloidin overnight at 4°C. The images were collected using
an Olympus FV1200 laser scanning confocal microscope
excited with a 488-nm argon laser with the emission wave-
lengths set at 500–550 nm. Transverse sections of pollen
tubes were generated with ImageJ and three-dimensional
graphs of the intensities of each pixel in the transverse sec-
tions were generated by the built-in “Surface plot” tool in
ImageJ. A pseudo Rainbow RGB color was applied to the
surface plots to assess the intensities by colors ranging from
dark blue to bright red. The fluorescence intensity of Alexa-
488 phalloidin-staining was measured to reflect the amount
of actin filaments as described previously (Ye et al., 2009).
To determine the effects of LatB treatment on the actin cy-
toskeleton in pollen grains, 150 nmol L–1 LatB was included
in the pollen GM and incubated for 30 min.

Visualization and quantification of actin filament
dynamics in pollen tubes

Actin filaments in living pollen tubes were decorated with
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Lifeact-EGFP as described previously (Qu et al., 2013; Vi-
dali et al., 2009). The Lifeact-EGFP marker was introduced
into aip1-1 mutant pollen tubes by crossing WT plants ex-
pressing Lat52:Lifeact-EGFP with aip1-1 mutant plants.
Pollen derived from the aip1-1mutant plants and sibling WT
plants expressing Lat52:Lifeact-EGFP were used to visua-
lize actin dynamics in pollen tubes after the average length of
pollen tubes reached about 150 μm. Pollen tubes were ob-
served under a spinning disk confocal microscope equipped
with a 100× oil objective. The time-lapse images were ac-
quired with an Andor iXon3 DU888 EMCCD camera at its
fastest collecting rate and the z-step size was set at 0.5 μm.
The collected images were processed with ImageJ software
and the parameters of the dynamics of actin filaments, such
as elongation rates, depolymerization rates, maximal fila-
ment lifetime, maximal filament length and severing fre-
quency, were measured as described previously (Staiger et
al., 2009). Specifically, the severing frequency was de-
termined by counting all severing events from the filament at
its longest length to its disappearance. The elongation and
depolymerization rates of actin filaments were calculated as
the changes of length versus the time intervals. The kymo-
graph analysis was performed to analyze the dynamics of
membrane-originated apical actin filaments as previously
described (Qu et al., 2017).

Visualization of the distribution and dynamics of
YFP-RabA4b in living pollen tubes

YFP-RabA4b was used to label transport vesicles in pollen
tubes as described previously (Zhang et al., 2010b). To in-
troduce YFP-RabA4b into the aip1-1 mutant, aip1-1 mutant
plants were crossed with WT plants expressing LAT52:YFP-
RabA4b. After segregation, the WT sibling plants and aip1-1
mutant plants harboring LAT52:YFP-RabA4b were used for
subsequent analysis and comparison. The samples were ob-
served under a spinning disk confocal microscope (Yoko-
gawa CSUX1FW) and the time-lapse images were acquired
with an Andor iXon3 DU888 EMCCD camera at 2 s time-
intervals and a step size of 0.7 μm. The distribution of the
fluorescence intensity of YFP-RabA4b in transverse sections
of pollen tubes was analyzed with the built-in “Surface plot”
tool in ImageJ. To analyze the turnover rate of vesicles,
fluorescence recovery after photobleaching (FRAP) experi-
ments were performed as described previously (Chang and
Huang, 2015). The selected region was photobleached for 4 s
with laser power at 25% for the 405 nm laser and 100% for
the 488 nm laser, and the time-lapse images after photo-
bleaching were collected at 2 s intervals. The statistical
analysis of recovery time was performed as described pre-
viously (Chang and Huang, 2015). Experiments were re-
peated at last 10 times and the values of YFP-RabA4b
fluorescence were averaged and used for subsequent ex-

ponential curve fitting.

Protein production

To generate recombinant AtAIP1-1 protein, pET28a-
AtAIP1-1 was introduced into E. coli, BL21 DE3 strain.
After the A600 of bacterial solution reached about 1.0, protein
expression was induced by the addition of 0.4 mmol L–1

isopropyl β-D-1-thiogalactopyranoside for 4 h at 37°C. The
bacteria were collected by centrifugation and resuspended in
1× Binding Buffer (25 mmol L–1 Tris-HCl, pH 7.9,
250 mmol L–1 KCl, 5 mmol L–1 imidazole, and 2 mmol L–1

mercaptoethanol), and the 6His-AIP1-1 protein was purified
with nickel sepharose according to the manufacturer’s in-
structions. The purified proteins were dialyzed against G
buffer (5 mmol L–1 Tris-HCl, pH 8.0, 0.2 mmol L–1 ATP,
0.1 mmol L–1 CaCl2, and 0.5 mmol L

–1 DTT) and aliquoted,
then flash frozen in liquid nitrogen and stored in a –80°C
freezer. ADF1 was purified according to Carlier et al. (1997).
Purification of actin from rabbit skeletal muscle was carried
out as described previously (Pollard, 1984; Spudich and
Watt, 1971) and labeling of actin with Oregon-green was
performed according to the published method (Amann and
Pollard, 2001a).

High-speed F-actin cosedimentation assay

The high-speed F-actin cosedimentation assay was per-
formed as described previously (Kovar et al., 2000). Briefly,
preassembled actin filaments (3 μmol L–1) were incubated at
room temperature for 1 h with 10 μmol L–1 ADF1 or
10 μmol L–1 ADF1 in the presence or absence of various
concentrations of AtAIP1-1, or with AtAIP1-1 alone. The
reaction mixtures were subjected to centrifugation for 30 min
under 100,000×g. The pellet and supernatant fractions were
separated by 15% SDS-PAGE, and the amount of actin in
supernatant and pellet fractions was measured by densito-
metry.

Direct visualization of actin filament severing by total
internal reflection fluorescence microscopy (TIRFM)

The dynamics of individual actin filaments on a cover-glass
in a flow chamber were visualized with TIRFM as previously
described (Amann and Pollard, 2001b). The flow chambers
were prepared as described previously (Jiang and Huang,
2017; Kovar and Pollard, 2004). After injection of pre-
assembled 50%-labeled Oregon-Green actin filaments at
1 μmol L–1 into the flow chamber, AtAIP1-1, ADF, or ADF
plus AtAIP1-1 in 1× TIRFM Buffer (10 mmol L–1 imidazole,
pH 7.0, 50 mmol L–1 KCl, 1 mmol L–1 MgCl2, 1 mmol L

–1

EGTA, 50 mmol L–1 dithiothreitol, 0.2 mmol L–1 ATP,
50 μmol L–1 CaCl2, 15 mmol L

–1 glucose, 20 μg mL–1 cata-
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lase, 100 μg mL–1 glucose oxidase and 0.5% methylcellu-
lose) were injected into the flow chamber. The time-lapse
images were acquired at 3 s intervals by the Andor iXon3
DU888 EMCCD camera with microManager software
(www.micro-manager.org). Actin filaments of length
>10 μm were selected for the quantification of actin filament
severing frequency (defined as the number of breaks per
filament length per time; breaks μm–1 s–1) as described pre-
viously (Bao et al., 2012; Khurana et al., 2010). To determine
the dissociation rate (subunits s–1) of actin monomers, the
length of actin filaments (μm) was converted into subunits by
assuming that there are 334 subunits per μm length of actin
filament.
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