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RabA4 subfamily proteins, the key regulators of intracellular transport, are vital for tip growth of plant polar cells, but their
unique distribution in the apical zone and role in vesicle targeting and trafficking in the tips remain poorly understood. Here,
we found that loss of Arabidopsis (Arabidopsis thaliana) AMINOPHOSPHOLIPID ATPASE 3 (ALAS3) function resulted in
a marked decrease in YFP-RabA4b/ RFP-RabA4d- and FM4-64-labeled vesicles from the inverted-cone zone of the pollen
tube tip, misdistribution of certain intramembrane compartment markers, and an obvious increase in pollen tube width.
Additionally, we revealed that phosphatidylserine (PS) was abundant in the inverted-cone zone of the apical pollen tube in
wild-type Arabidopsis and was mainly colocalized with the trans-Golgi network/early endosome, certain post-Golgi
compartments, and the plasma membrane. Loss of ALA3 function resulted in loss of polar localization of apical PS and
significantly decreased PS distribution, suggesting that ALAS3 is a key regulator for establishing and maintaining the polar
localization of apical PS in pollen tubes. We further demonstrated that certain Rab GTPases colocalized with PS in vivo and
bound to PS in vitro. Moreover, ALA3 and RabA4d collectively regulated pollen tube growth genetically. Thus, we propose that
the tip-localized PS established by ALAS is crucial for Rab GTPase-mediated vesicle targeting/trafficking and polar growth of

pollen tubes in Arabidopsis.

INTRODUCTION

Pollen tube growth is an indispensable event during double fer-
tilization in flowering plants. This peculiar polarized cell growth, in
which the elongation occurs only at the tip areaand the growth rate
is exceedingly high, is distinct from that of most other plant cells.
Notably, rapid tip growth requires intracellular transport ma-
chinery to continuously deliver essential cargoes to a defined
growth site, and this complex process is governed precisely
(Hepler et al., 2001; Cheung and Wu, 2008; Johnson et al., 2019).
Indeed, there are mainly two kinds of crucial material transport
patterns during tip growth: cytoplasmic streaming in the shank
region and polarized vesicle trafficking at the apical area of the
pollen tube (Hepler et al., 2001; Cheung and Wu, 2008; Chebli
et al., 2013). In angiosperms, vesicles with different diameters
aggregate into an inverted-cone zone at the apical area of the
pollen tube, where large organelles such as endoplasmic re-
ticulum (ER) and Golgi are absent (Cheung and Wu, 2008; Chebli
et al., 2013). Because cytoplasmic streaming cannot reach the
apical area of the pollen tube, tip-polarized vesicle trafficking is
indispensable. Numerous studies have also shown that many
cellular activities, including secretion, endocytosis, vesicle re-
cycling, and degradation, play influential and distinct roles in tip
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growth (Hepler et al., 2001; Zhang et al., 2010; Grebnev et al.,
2017). Unfortunately, the precise regulatory mechanism of tip-
polarized vesicle trafficking remains unclear.

Rab GTPases are a key class of conserved proteins responsible
for vesicle trafficking in eukaryotes, participating in a variety of
endomembrane trafficking processes: vesicle budding, trans-
portation, tethering, and membrane fusion (Zerial and McBride,
2001; Stenmark, 2009; Bhuin and Roy, 2014). In Arabidopsis
(Arabidopsis thaliana), 57 members of Rab GTPases are divided
into eight functional subfamilies (named AtRabA to AtRabH;
Rutherford and Moore, 2002; Vernoud et al., 2003). Several
members of plant Rab GTPases participate in growth and de-
velopment as well as biotic and abiotic stress responses via
vesicle-mediated endomembrane trafficking pathways (Mazel
et al., 2004; Woollard and Moore, 2008; Bottanelli et al., 2011;
Ebineetal.,2014; Ellingeretal.,2014; Uemuraand Ueda, 2014; Yin
et al., 2017). Additional evidence of the relationship between Rab
GTPases and pollen development and polarized pollen tube
growth has been obtained from research on Arabidopsis RabA
and RabD (Szumlanski and Nielsen, 2009; Peng et al., 2011). For
instance, an Arabidopsis Rab family member, RabA4d, which is
homologous to the mammalian Rab11 subfamily, is typically lo-
calized at the inverted-cone zone of the pollen tube and is re-
sponsible for targeted polar transport of vesicles; additionally,
a lack of RabA4d activity leads to severe defects in the polarized
growth phenotype of pollen tubes, such as slow growth and in-
creased width of pollen tubes as well as swelling of pollen tubes;
RabA4d also participates in the transport of the cell wall and
membrane components required for pollen tube growth
(Szumlanski and Nielsen, 2009). RabA4b, another member of this
subfamily, localizes to the root hair tip (which also exhibits
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Background: Pollen tube growth is an indispensable event during double fertilization in flowering plants. This
peculiar polarized cell growth, in which the elongation occurs only at the tip area and the growth rate is exceedingly
high, is distinct from that of most other plant cells. Importantly, the rapid tip growth requires intracellular transport
machinery to continuously deliver essential cargoes to the apical growth site. There are two main kinds of crucial
material transport patterns during tip growth: cytoplasmic streaming in the shank region and polarized vesicle
trafficking at the apical area of the pollen tube. Because cytoplasmic streaming cannot reach the apical area of the
pollen tube, tip-polarized vesicle trafficking is indispensable. In angiosperms, many vesicles with different diameters
aggregate into an inverted-cone zone at the apical area of the pollen tube. However, the precise regulatory
mechanism of tip-polarized vesicle trafficking remains unclear.

Question: What are the subcellular localization and biological function of phosphatidylserine (PS) in Arabidopsis

pollen tubes?

Findings: Loss of Arabidopsis AMINOPHOSPHOLIPID ATPASE 3 (ALA3) function resulted in a marked decrease in
YFP-RabA4b/ RFP-RabA4d- and FM4-64-labeled vesicles from the inverted-cone zone of the pollen tube tip,
misdistribution of the certain intramembrane compartment markers and an obvious increase in pollen tube width.
Additionally, PS was abundant in the inverted-cone zone of the apical pollen tube in Arabidopsis and mainly
colocalized with markers for the trans-Golgi network/early endosome, certain post-Golgi compartments, and the
plasma membrane. Loss of ALA3 function resulted in loss of polar localization of apical PS and significantly
decreased PS distribution. We further demonstrated that certain Rab GTPases could colocalize with PS in vivo and
bind to PS in vitro. Moreover, ALA3 and RabA4d collectively regulated pollen tube growth genetically. Thus, we
propose that the tip localization of PS established by ALA3 is crucial for Rab GTPase-mediated vesicle
targeting/trafficking and polar growth of pollen tubes in Arabidopsis.

Next steps: Because Rab GTPases can bind a variety of negatively charged phospholipids in vitro, we wish to know
the precise mechanism and function of the interaction between Rab GTPases and different phospholipids.

polarized cell growth) and is widely used to label vesicles at the
pollen tube tip (Preuss et al., 2004; Zhang et al., 2010). Similarly,
alteration in tobacco Rab11b function also results in abnormal
pollen tube growth, suggesting that the role of the RabA4 sub-
family in vesicle trafficking is important for polarized growth in
plants (de Graafetal., 2005). However, little is known regarding the
detailed regulatory mechanisms that establish and maintain the
inverted-cone distribution of RabA4 in pollen tubes or root hairs.

In eukaryotic cells, anionic phospholipids, including phos-
phatidylinositol phosphates (PIPs), phosphatidylserine (PS), and
phosphatidic acid (PA), are among the minor lipids in bio-
membranes (Caillaud, 2019). In addition to being components of
the membrane, anionic phospholipids act as key signaling mol-
ecules. For example, the contribution of these lipids to the surface
charge, curvature, and lipid packing of the membrane can ef-
fectively control the localization and activity of Rab GTPases
(Bigay and Antonny, 2012; Simon et al., 2016; Kulakowski et al.,
2018). Among these phospholipids, phosphatidylinositol-4-
phosphate (PI4P), phosphatidylinositol-4,5-phosphate, and PA
are three well-studied anionic lipids that localize to the plasma
membrane (PM) of pollentubes (Kost et al., 1999; Zhao et al., 2010;
Potocky etal.,2014; Hempel etal.,2017; Noack and Jaillais, 2017),
but another lipid, PS, is mainly enriched in the inverted-cone zone
of the tobacco (Nicotiana tabacum) pollen tube apex (Platre et al.,
2018), suggesting that PS might be involved in vesicle trafficking in
the apical area of pollen tubes. The asymmetric distribution of PS
contributes to the biological function of this lipid and relies on P4-
type ATPases (P,-ATPases), which flip phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and PS across the biomembrane
from the extracellular/luminal leaflet to the cytosolic leaflet
powered by ATP hydrolysis in eukaryotes (Roland and Graham,

2016). The Arabidopsis P,-ATPase family consists of 12 members,
termed aminophospholipid ATPases 1-12 (ALA1-ALA12). In re-
cent years, progress in the research on flippases in plants has
shown that P,-ATPases have pleiotropic effects on physiological
functions, including plant growth and development, reproduction,
and adaptation to biotic and abiotic stress (Gomeés et al., 2000;
Poulsen et al., 2008; Zhang and Oppenheimer, 2009; McDowell
et al., 2013; Poulsen et al., 2015; Botella et al., 2016; Guo et al.,
2017; Niu et al., 2017; Underwood et al., 2017; Zhang et al., 2020).
However, whether ALAs are involved in the establishment of the
asymmetric distribution of PS in pollen tubes remains unclear.
Further research is also required to clarify the subcellular locali-
zation and biological function of PS in pollen tubes.

To better understand the mechanisms of the inverted-cone
distribution of apical vesicles and the biological functions of PS
in pollen tube tips, we screened Arabidopsis ALA mutants with
abnormal distributions of apical vesicles and Rab GTPases as well
as PS in pollen tubes. Further, we explored the physiological
function of PS in the polar growth of pollen tubes. The findings of
this study indicate that PS in the apical area of pollen tubes might
function as a phospholipid signaling molecule, regulating the
distribution of certain Rab GTPases as well as pollen tube growth.

RESULTS

Mutation in ALAS Affects the Polarized Distribution of Apical
Vesicles and Pollen Tube Width

Bioinformatics analysis shows that six Arabidopsis ALA members
are abundantly expressed in pollen, including ALA7, ALA3, ALAG,
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ALA7,ALA9, and ALA12 (Supplemental Figure 1A). To determine
whether and how the ALA family participates in the polarized
transport of vesicles at the apical region of pollen tube, we used the
lipophilic dye FM4-64 to label the pollen tubes of pollen-expressed
ALA mutants and then identified the mutants with abnormal tip-
polarized vesicles. In wild-type pollen tubes, FM4-64-labeled
vesicles were abundantly located at the inverted-cone zone of the
pollen tube (Figure 1A), which was consistent with the previous
studies (Szumlanski and Nielsen, 2009; Zhang et al., 2010). In-
terestingly, we only observed obviously decreased accumulation
of vesicles in the inverted-cone zone at the apical region of pollen
tube in the ala3 mutant; the intensity of the fluorescence signal
within the apical and shank regions of the pollen tube also de-
creased but was especially high in the subapical region of the ala3
pollen tube (Figures 1A and 1B; Supplemental Figures 1B to 1G).

We used RabA4b (a RabA4 subfamily member expressed in
vegetative organs and widely used to label tip vesicles in pollen
tubes) to verify whether ALAS affected the localization of RabA4
GTPases (Zhang et al., 2010). As expected, the distribution of
YFP-RabA4b-labeled vesicles in ala3 was consistent with the
above results (Figures 1C to 1E). Based on time-lapse imaging
analysis of the movement of vesicles in living wild-type and ala3
pollen tubes, FM4-64- and YFP-RabA4b-labeled vesicles in wild-
type pollen tubes could move rapidly through an inverted-cone
zone at the tip of the pollen tube (see Supplemental Movies 1 and
2), but the vesicles in the ala3 pollen tube were scarcely enriched in
the apical area, unlike those in the wild type and moved only in
a disordered manner between two flanks of the subapical region
(see Supplemental Movies 3 and 4). In addition, although the
cytoplasmic streaming in the shank region of the pollen tube of
ala3 was not notably changed, the velocity of the vesicles in the
apical and subapical regions decreased observably (Figures 1F to
1H). Previous studies have reported that the pollen tube growth
rate was decreased in ala3 (Zhang and Oppenheimer, 2009;
McDowell et al., 2013), and we also demonstrated that the pollen
tube growth of ala3 was obviously slower than that of wild-type
in vitro (Figures 11 and 1J) and in vivo (Supplemental Figures 2C
and 2D). In addition, we found a significant increase in pollen tube
width in ala3 (8.26 = 0.96 wm), which was in contrast to the wild-
type plants (6.95 =+ 0.83 wm; Figures 11 and 1J), thereby revealing
that ALA3 might also be involved in the formation and mainte-
nance of the polar growth of pollen tubes.

To ascertain the relationship between the above phenotypes
and the lipid-flipping activity of ALA3, a complementation ex-
periment was performed in an ala3 mutant, in which the full-length
cDNAs of ALA3 and ALA3 with a point mutation in the conserved
functional site of the ALA family, named D413N, were used. We
found that only full-length ALA3 cDNA could rescue the abnormal
phenotypes of ala3 related to the growth and width of pollen tubes
(Figures 11 and 1J; Supplemental Figures 2A to 2D), suggesting
that loss of function of ALA3 probably led to the above phenotypes
and that the lipid flipping activity of ALAS played a crucial role in
determining the growth rate and width of pollen tubes. Moreover,
brefeldin A (BFA, a vesicle trafficking inhibitor), wortmannin (Wort,
aPI3Kinhibitor), and latrunculin B (LatB, an actin depolymerization
drug) are widely used to inhibit the polarized tip growth of pollen
tubes (Gibbon et al., 1999; Zhang et al., 2010). Treatment of ala3
and wild-type pollens with the above inhibitors resulted in

adecrease in pollen tube growth; however, compared to wild type,
the negative effect of BFA on pollen tube length significantly
decreased in ala3 (Figure 1K; Supplemental Figure 2E), whereas
both Wort and LatB showed no obvious differences
(Supplemental Figures 2F to 2l). Together, our results suggested
that loss of function of ALA3 induced the disordered distribution of
vesicles and the altered trajectory of vesicular trafficking at the
pollen tube tip, which ultimately caused an increase in pollen tube
width and defective polar growth of the pollen tube.

ALAS Is Abundant in the Apical Region of Pollen Tube and
Colocalizes with Certain Endomembrane Compartments

Next, the distribution patterns of ALAS in tissues and organelles
were determined. ALA3 could be abundantly expressed in mature
pollen and pollen tubes (Supplemental Figure 3). Using an ALA3-
GFP transgenic plant, in which the defective phenotype of ala3
was almost completely complemented, we found that GFP signals
were largely distributed in the apical and subapical regions of the
pollen tube and dotted at the tip and shank regions of the pollen
tube (Figure 2A). Then, based on time-lapse imaging analysis, the
ALA3-GFP moved into the inverted-cone zone at the apical region
of the pollen tube and was present in the cytoplasmic streaming in
the shank region of the pollen tube (see Supplemental Movie 5).
Importantly, ALA3-GFP colocalized with FM4-64 in the apical and
shank regions of the pollen tube, suggesting that ALA3 was
distributed in both vesicles and PM (Figures 2B to 2D). Further-
more, the colocalization between ALA3-GFP and various or-
ganelle markers was identified and quantified, showing that ALA3
chiefly colocalized with markers of the trans-Golgi network (TGN)/
early endosome (EE; Pearson correlation coefficient [r;] was 0.05
and 0.43 in the tip and the shank, respectively), post-Golgi (r, was
0.55and 0.43 in the tip and the shank, respectively), and RE (rp was
0.29 and 0.53 in the tip and the shank, respectively), but not the
Golgi (r, was 0.08 and 0.08 in the tip and the shank, respectively)
and late endosome (LE; r, was 0.10 and 0.11 in the tip and the
shank, respectively; Figures 2E to 2J). Kymograph analysis
showed the localization of spots in the two channels over time
(Figures 2K to 2M; Supplemental Figure 4). In addition, the
treatment of ALA3-GFP transgenic plants with endomembrane
inhibitors (including BFA, Wort, and LatB) resulted in a significant
decrease of the polarized distribution of ALA3-GFP at the pollen
tube tip (Supplemental Figure 5), indicating that the tip-polarized
localization of ALAS itself might also rely on polarized tip mem-
brane trafficking.

ALA3 and RabA4d Genetically Regulate the Polar Growth of
Pollen Tubes

There are four members of the RabA4 protein subfamily, but only
RabA4d can be specifically expressed in pollen tubes (Preuss
et al., 2004; Szumlanski and Nielsen, 2009). It has been also re-
ported that RabA4d is located at the inverted-cone zone of the
pollen tube and is responsible for targeted polar transport of the
TGN/EE-derived secretory vesicles (Szumlanski and Nielsen,
2009). We found that RFP-RabA4d and ALA3-GFP exhibited
a similar distribution pattern and colocalized in pollen tube tip in
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Figure 1. The Distribution Pattern and the Velocity of Apical Vesicles, As Well As the Width of the Pollen Tube, Are Altered in the ala3 Mutant.
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(A) Visualization of the FM4-64 distribution in the pollen tubes from the wild type (Col-0) and ala3. Confocal images captured after FM4-64 staining for 20 min.
Bar =10 um. The arrowhead and arrow indicate the apical and subapical zones, respectively. The apical, subapical, and shank regions used for fluorescence
intensity measurement in here and the following pollen tubes are shown on the right.
(B) Quantitative analysis of the relative fluorescence intensity of FM4-64 in the apical, subapical, and shank zones of the pollen tube. The results represent the
means = sps (1 = 30). **P < 0.01 (t test compared to the wild-type values).
(C) Representative confocal images of growing pollen tubes from Col-0 and ala3 expressing YFP-RabA4b from the same transgenic line. Bar = 10 um. The
arrowhead and arrow indicate the apical and subapical zones, respectively.
(D) Quantitative analysis of the relative fluorescence intensity of YFP-RabA4b in the apical, subapical, and shank zones of the pollen tube. The results
represent the means * sps (n = 30). **P < 0.01 (t test compared to wild-type values).
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certain extent (r, = 0.52; Figures 3A and 3B). In addition, ALA3-
GFP partially colocalized with RFP-RabA4b at the pollen tube tip
(r, = 0.50; Supplemental Figure 6). Moreover, in ala3, vesicles
labeled with RFP-RabA4d were also mislocalized, which is similar
to the result obtained for YFP-RabA4b (Figures 3C to 3E; see
Supplemental Movies 6 and 7), indicating that the polar growth of
the pollen tube of ala3 might be directly associated with RabA4d.
To further assess whether there is a genetic correlation between
ALAS and RabA4d, the width and length of the pollen tube of the
double mutant ala3 raba4d were determined. The results showed
that the pollen tube of the double mutant ala3 raba4d had a similar
width as that of the single mutant raba4d (Figures 3F to 3H),
suggesting that these two genes may work in the same genetic
pathway in the regulation of the pollen tube width and polar
growth. Next, we also identified the vesicle distribution in raba4d
labeled with FM4-64. The abundance of apical vesicles labeled
with FM4-64 visibly decreased in the raba4d pollen tube, and this
reduction was directly related to the swelling degree of the pollen
tube tip; the more swollen pollen tube tips the fewer apical vesicles
(Figures 3l and 3J). This finding showed that loss of function of
RabA4d caused anomalies in vesicle distribution in the apical
region and polar growth of pollen tubes. In summary, ALA3 might
regulate the polar growth of pollen tubes by affecting the function
of RABA4d, which in turn controls the vesicle distribution in the
inverted-cone zone at the pollen tube tip.

Loss of Function of ALAS Alters the Distribution Pattern and
the Amount of PS in Pollen Tubes

ALABS was previously reported to flip phospholipids, including PE,
PS, and PC, between two membrane leaflets (Lopez-Marqués
et al., 2010). However, the total content of phospholipids in ala3
pollen was not obviously changed compared to that in wild-type
pollen; thus, it was proposed that the phenotypes of ala3 were
caused by the disordered distribution of lipids (McDowell et al.,
2013). Here, the C2 domain of bovine lactadherin (Lact-C2), which
could mark PS on the cytoplasmic leaflet of the PM and the
membrane of the organelles (Yeung et al., 2008), was used to mark
PS in Arabidopsis pollen tubes. As shown in Figure 4, EGFP-Lact-
C2-labeled PS was abundantly localized at the inverted-cone
zone of the pollen tube and partially dotted the shank region of
the pollen tube (Figure 4A). Next, by tracking its dynamic process,
PS was shown to move fast, resembling the movement pattern of

RabA4b-labeled vesicles (see Supplemental Movie 8). EGFP-
Lact-C2 also colocalized with the membrane dye FM4-64 at the
apical and shank regions of the pollen tube (Figures 4B to 4D).
Furthermore, the colocalization between EGFP-Lact-C2 and
various organelle markers was identified and quantified, and the
results indicated that EGFP-Lact-C2 was mainly colocalized with
markers of the TGN/EE (r, was 0.18 and 0.42 in the tip and the
shank, respectively), post-Golgi (r, was 0.55and 0.51 inthe tipand
the shank, respectively), and endosome (r,, was 0.56 and 0.54 in
the tip and the shank, respectively; Figures 4E to 4K). Kymograph
analysis showed the localization of spots in the two channels over
time (Figures 4N to 4P; Supplemental Figure 7). The polarized
localization of EGFP-Lact-C2 at the apical region could be seri-
ously affected by endomembrane inhibitors (Supplemental Fig-
ure 8), suggesting that apical PS distribution also depended on
endomembrane transport.

To identify the direct effect of ALA3 on PS distribution in pollen
tubes, we crossed the ala3 mutant with the above PS marker lines.
In the ala3 mutant, the polarized distribution of PS in the apical
region of pollen tube dramatically decreased, chiefly accumu-
lating in the subapical region, and PS fluorescent signals in both
the apical and shank regions of the pollen tube were observably
decreased (Figures 4L and 4M; see Supplemental Movies 9 and
10). In addition, the distributions of PS in wild type and ala3 were
almost consistent with those of vesicles labeled with FM4-64 or
YFP-RabA4b (Figures 1A to 1D), and PS was also colocalized with
RabA4b, RabD1, RabA1g, and FM4-64 in pollen tubes (Figures 4B
to 4K). Thus, these results suggested that ALA3 plays a key role in
the polarized distribution of PS at the pollen tube tip, and PS might
regulate the localization and related vesicle trafficking of certain
Rab GTPases.

Loss of Function of ALA3 Has a Negative Effect on TGN/EE
Distribution in Pollen Tubes

In the ala3 mutant, the fluorescence signals of vesicles labeled
with FM4-64 and RabA4b/RabA4d were obviously decreased
(Figures 1A to 1D and 3C to 3E), suggesting that ALA3 might also
affect vesicle formation at the TGN/EE. To further clarify whether
ALAS affects TGN specially or regulates other subcellular com-
partments, we crossed the ala3 mutant with different organelle
markers and then quantified the fluorescence intensity of these
markers. As shown in Figure 5 and Supplemental Figure 9,

Figure 1. (continued).

(E) Quantitative analysis of the percentage of apical-localized and subapical-localized YFP-RabA4b and the relative length of the growing pollen tube. The
percentage of apical localization and subapical localization of YFP-RabA4b was calculated as the sum of the pixel intensities in the apical and subapical
zones of the pollen tube compared with the sum of the pixel intensities in the entire pollen tube.

(F) and (G) Representative time-lapse trajectories of YFP-RabA4b at 5 s for Col-0 and ala3 in the tip (F) and shank (G) zones of pollen tubes obtained by Imaris

image analysis. Bars = 10 pm.

(H) Quantitative analysis of the relative vesicle velocity of YFP-RabA4b at the pollen tube tip (F) and shank (G) zones from Col-0 and ala3. The results
represent the means * sps (n = 15). *P < 0.01 (t test compared to wild-type values).

() Growth of Col-0, ala3, LAT52:ALA3-GFP;ala3, and ALA3:ALA3P473N;ala3 pollen tubes in vitro for 3 h. Bar = 30 um.

(J) Quantitative analysis of the relative pollen tube width and length in Col-0, ala3, LAT52:ALA3-GFP;ala3, and ALA3:ALA3P473N;aja3. The results represent

the means = sps (n = 100). **P < 0.01 (t test compared to wild-type values).

(K) Quantitative analysis of the relative length of Col-0 and ala3 pollen tubes treated with BFA. The results represent the means + sbs (n = 300). **P <0.01 (¢

test compared to wild-type values).
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Figure 2. ALA3 Exhibits Polarized Distribution in Pollen Tubes and Is Localized to the Endomembrane and Plasma Membrane.

(A) Representative growing pollen tube from the ala3 mutant expressing ALA3-GFP from the LAT52:ALA3-GFP transgene. Bar = 10 pm.

(B) Representative confocal images of a growing pollen tube expressing ALA3-GFP (green) with FM4-64 staining (magenta). Merged images are shown on
the right. Bar = 10 pm.

(C) Line scan measurements (white dotted arrow 1) of the confocal image in (B) are plotted to show colocalization profiles.

(D) Line scan measurements (white dotted arrow 2) of the confocal image in (B) are plotted to show colocalization profiles. PM represents plasmamembrane
signals.

(E) to (I) Representative confocal images of growing pollen tubes coexpressing ALA3-GFP (green) with mCherry-SYP32 (Golgi) (E), VHAa1-RFP (TGN/EE)
(F), mCherry-RabD1 (post-Golgi) (G), mCherry-RabA1e (RE) (H), or mCherry-RHA1 (LE) (I) (white). Merged images are shown on the right. Bars = 10 um.
(J) Measurement of the Pearson correlation coefficient to reflect the colocalization level of ALA3-GFP with compartment markers. The tip and shank regions
used for Pearson correlation coefficient measurement in here and the following pollen tubes are shown in (E). The results represent the means + sps (n = 15).
(K) to (M) Kymograph representation of noncolocalized foci (green and magenta foci) and colocalized foci (white foci). The region used for Kymograph
analysis in here and the following pollen tubes are shown on the left (white arrow).
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Figure 3. ALA3 and RabA4d Likely Collaborate to Regulate the Polarized Growth of Pollen Tubes.

(A) Representative confocal images of growing pollen tubes coexpressing ALA3-GFP (green) with RFP-RabA4d (magenta). Merged images are shown on
the right. Bar = 10 pum.

(B) Kymograph representation of noncolocalized foci (green and magenta foci) and colocalized foci (white foci).

(C) Representative confocal images of growing pollen tubes from Col-0 and ala3-expressing RFP-RabA4d from the same transgenic line. Bar = 10 um.
(D) Quantitative analysis of the relative fluorescence intensity of RFP-RabA4d in the apical, subapical, and shank zones of the pollen tube. The results
represent the means =+ sps (n = 30). **P < 0.01 (t test compared to wild-type values).

(E) The percentage of apical-localized and subapical-localized RFP-RabA4d and the relative length of the growing pollen tube were measured. The
percentage of apical localization and subapical localization of RFP-RabA4d was calculated as the sum of the pixel intensities in the apical and subapical
zones of the pollen tube compared with the sum of the pixel intensities in the entire pollen tube.

(F) Growth of the Col-0, ala3, raba4d, and ala3 raba4d pollen tubes in vitro for 4 h. Bar = 30 pm.

(G) and (H) Quantification of pollen tube width (G) and relative pollen tube length (H) in Col-0, ala3, raba4d, and ala3 raba4d. The results represent the
means =+ sps (n = 100). **P < 0.01 (t test).

(I) Representative confocal images of Col-0 and raba4d pollen tubes stained with FM4-64 for 20 min. Bars = 10 pm.

(J) Quantification of the fluorescence intensity of FM4-64 at the apical region and plasma membrane in Col-0 and raba4d pollen tubes. The regions used for
fluorescence intensity measurement are markedin (l). The apical region is marked in yellow, and the PM is marked in white. The results represent the means =+
sps (n = 30). **P < 0.01 (t test compared to wild-type values).

compared with the wild type, the distribution pattern and fluo-
rescence intensity of the ER and Golgi markers HDEL-GFP and
mCherry-SYP32 in ala3 were not changed, suggesting that loss
of function of ALA3 had no effect on these two organelles
(Supplemental Figure 9). Next, VHAa1-RFP and mCherry-VTI12,
two well-documented TGN/EE markers, were used. We found that
both the density and fluorescence intensity of these TGN/EE
markers were observably decreased within the shank region of the

pollen tube of ala3 (Figures 5A to 5E). In addition, the movement
velocities of these markers were comparable in the wild type and
ala3 mutant (Supplemental Figure 10). Interestingly, we found that
there was no signal at the apical region of pollen tube with VHAa1-
RFP in wild type, but the TGN/EE labeled with mCherry-VTI12 still
exhibited some fast-moving small particles at the pollen tube tip,
which were similarto FM4-64-labeled vesicles (Figures 5A and 5C;
see Supplemental Movies 11 and 12). Additionally, the mCherry-
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Figure 4. Loss of Function of ALA3 Alters the Distribution Pattern of PS.

(A) Representative growing pollen tube from Col-0 expressing EGFP-Lact-C2 from the LAT52:EGFP-Lact-C2 transgene. Bar = 10 um.

(B) Confocalimages of a growing pollen tube expressing EGFP-Lact-C2 (green) stained with FM4-64 (magenta) for 20 min. Merged images are shown on the
right. Bar = 10 pm.

(C) Line scan measurements (white dotted arrow 1) of the confocal image in (B) are plotted to show colocalization profiles.

(D) Line scan measurements (white dotted arrow 2) of the confocal image in (B) are plotted to show colocalization profiles. PM represents plasmamembrane
signals.

(E) to (J) Representative confocal images of growing pollen tubes coexpressing EGFP-Lact-C2 or mCITRINE-Lact-C2 (green) with the mCherry-Got1p
homolog (Golgi) (E), mCherry-VTI12 (TGN/EE) (F), mCherry-RabD1 (post-Golgi) (G), mCherry-RabA1g (RE) (H), mCherry-RHA1 (LE) (I) or RFP-RabA4b (r,, =
0.42) (J) (magenta). Merged images are shown on the right. Bars = 10 pm.

(K) Measurement of the Pearson correlation coefficient to reflect the colocalization level of EGFP-Lact-C2 with compartment markers. The results represent
the means = spbs (n = 15).

(L) Representative confocal images of growing pollen tubes from Col-0 and ala3-expressing EGFP-Lact-C2 from the same transgenic line. Bar = 10 um.
(M) Quantification of the relative fluorescence intensity of EGFP-Lact-C2 in Col-0 and ala3 pollen tubes. The results represent the means =+ sps (n = 30). “*P <
0.01 (t test compared to wild-type values).

(N) to (P) Kymograph representation of noncolocalized foci (green and magenta foci) and colocalized foci (white foci).
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Figure 5. Loss of ALA3 Leads to Abnormal Distribution of the TGN/EE in Pollen Tubes.

(A) Representative confocal images of growing pollen tubes from Col-0 and ala3-expressing VHAa1-RFP from the same transgene. Bar = 10 um.

(B) Quantification of the relative puncta density, diameter, and fluorescence intensity marked by VHAa1-RFP in Col-0 and ala3 pollen tubes. The results
represent the means =+ sps (n = 30). *P < 0.05; **P < 0.01 (t test compared to wild-type values).

(C) Representative confocal images of growing pollen tubes from Col-0 and ala3-expressing mCherry-VTI12 from the same transgenic line. The arrowhead
and arrow indicate the apical and subapical zones, respectively. Bar = 10 pm.

(D) Quantification of the relative puncta density and diameter marked by mCherry-VTI12 in Col-0 and ala3 pollen tubes. The results represent the means =
sbs (n = 30). **P < 0.01 (t test compared to wild-type values).

(E) Quantification of the relative fluorescence intensity of mCherry-VTI12 in Col-0 and ala3 pollen tubes. The results represent the means = sps (n = 30). P <
0.01 (t test compared to wild-type values).

(F) Fluorescence recovery after photobleaching (FRAP) analysis of YFP-RabA4b in growing pollen tubes. The time points after photobleaching are labeled in
each image. The bleached area is marked by the box. Bar = 10 pm.

(G) FRAP analysis of mCherry-RabA1gin growing pollen tubes. The time points after photobleaching are labeled in each image. The bleached areais marked
by the box. Bar = 10 pm.

(H) Measurement of the mean YFP fluorescence intensity of the bleached area in (F). The results represent the means = sps (n = 7).

(I) Measurement of the mean mCherry fluorescence intensity of the bleached area in (G). The results represent the means =+ sps (n = 7).



VIT12 signal at the apical region of the pollen tube dramatically
decreased and moved to the subapical region inala3, similar to the
markers FM4-64, RabA4b/4d, and EGFP-Lact-C2 (Figures 5C and
5E; see Supplemental Movies 13 and 14). Thus, our data provide
evidence that VTI12 could also mark other vesicles and endo-
membrane compartments in addition to the TGN/EE. Next, we
performed fluorescence recovery after photobleaching (FRAP)
analysis to examine the fluorescence recovery of YFP-RabA4b
and mCherry-RabA1e. As shown in Figures 5F to 5I, the recovery
rates of YFP-RabA4b and mCherry-RabA1e in ala3 were much
slower than those in the wild type, indicating that lack of ALA3
function had a significant influence on secretory vesicle recycling.
Based on these results, it is possible that ALA3 was also involved
in regulating the TGN/EE to reduce the number of secretory
vesicles and had an effect on their polarized distribution in the
apical region of pollen tube.

Loss of Function of ALA3 Ultimately Leads to Aberrant
Composition of the Cell Wall of Pollen Tubes

RabA4d-mediated vesicle trafficking delivers indispensable car-
goes, such as cell wall components, for the polar growth of pollen
tubes (Szumlanski and Nielsen, 2009). Therefore, we determined
the cell wall composition of the pollen tube of the ala3 mutant. As
shown in Figure 6, compared with wild type, the levels of arabi-
nogalactan proteins, xyloglucan, and low-methyl-esterified ho-
mogalacturonan (HG), marked by LM2, LM15, and JIM5, were
sharply reduced in the ala3 pollen tube, while there was no sig-
nificant change in the levels of rhamnogalacturonan | and high-
methyl-esterified HG between the wild type and the mutants
labeled with LM6 and JIM7, respectively (Figures 6A and 6B).
Additionally, the activity of callose synthase was mainly present at
the PM near the apical region and spread to the shank of the pollen
tube, but the cell wall stained with aniline blue was not changed
(Figures 6C and 6D). Another enzyme expressed in pollen grains
and pollen tubes is the pectin methylesterase VANGUARD1
(VGD?1), the function of which could affect the ratio of low HG to
high HG to promote pollen tube growth. In our work, the VGD1-
GFP signal in the ala3 pollen tube also dramatically decreased
(Figures 6E and 6F). Taken together, these results indicated that
loss of function of ALA3 caused a defect in cell wall transport,
which in turn induced alterations in the cell wall components of the
pollen tube and finally had an adverse effect on the polar growth of
the pollen tube.

ALAS Principally Affects the Polarized Localization and
Distribution of Secreted Rab GTPases at the Pollen Tube Tip

To further determine whether and how loss of function of ALA3
affects Rab GTPases in a wide variety of endomembrane transport
pathways, we identified the localization pattern of Rab GTPases
involved in different transport pathways in the wild type and ala3.
RabA1e and RabA1g, which are known to specifically label re-
cycling endosomes (REs), were located in the shank region and
a smaller region close to the apical membrane of the pollen tube,
and they also moved in an ordered and rapid manner between the
shank and apical regions (Figures 7A to 7D; see Supplemental
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Figure 6. The Abundance of Cell Wall Components in the Pollen Tube Is
Changed in ala3.

(A) Immunolabeling of cell wall components in Col-0 and ala3 pollen tubes
using LM2, LM6, LM15, JIM5, and JIM7. Bar = 10 pm.

(B) Quantitative analysis of the relative fluorescence intensity of the dif-
ferent cell wall epitopes indicated in Col-0 and ala3 pollen tubes. The results
represent the means = sbs (n = 30). **P < 0.01 (t test compared to wild-type
values).

(C) Aniline blue staining of the pollen tubes in Col-0 and ala3. Bar = 10 um.
(D) Quantitative analysis of the relative fluorescence intensity of aniline blue
in Col-0 and ala3 pollen tubes. The results represent the means * sbs
(n = 30).

(E) Representative confocal images of growing pollen tubes from Col-0 and
ala3-expressing VGD1-GFP from the same transgenic line. Bar = 10 pm.
(F) Quantitative analysis of the relative fluorescence intensity of VGD1-GFP
in Col-0 and ala3 pollen tubes. The results represent the means *+ sbs
(n = 30). P < 0.01 (t test compared to wild-type values).

Movies 15 and 16). However, in ala3, the polarized localization of
these two proteins dramatically decreased, and the fluorescence
intensity prominently decreased; these proteins mainly accu-
mulated in the two flanks of the subapical region with irregular
activities (Figures 7A to 7D; see Supplemental Movies 17 and 18).
The results indicate that ALA3 had a marked influence on both the
polarized localization and distribution of RabA1e and RabA1g.
Interestingly, although RabAS5d also colocalized with REs, the
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Figure 7. The Localization and Distribution of Secreted Rab GTPases in the Pollen Tube Are Changed in ala3.

(A), (C), (E), (G), (1), (K), (M) Representative confocal images of growing pollen tubes from Col-0 and ala3-expressing mCherry-RabA1e (RE) (A), mCherry-
RabA1g (RE) (C), mCherry-RabA5d (RE) (E), mCherry-RabE1d (post-Golgi) (G), RFP-ARAG (LE) (I), mCherry-RabC1 (post-Golgi) (K), or mCherry-RabG3f
(LE) (M) from the same transgene. The arrowhead and arrow indicate the apical and subapical zones, respectively. Bars = 10 um.

(B), (D), (F), (H), (J), (L), (N) Quantitative analysis of the relative fluorescence intensity of mCherry-RabA1e (RE) (B), mCherry-RabA1g (RE) (D), mCherry-
RabA5d (RE) (F), mCherry-RabE1d (post-Golgi) (H), RFP-ARAG (LE) (J), mCherry-RabC1 (post-Golgi) (L), and mCherry-RabG3f (LE) (N) in Col-0 and ala3
pollen tubes. The results represent the means =+ sps (n = 30). **P < 0.01 (t test compared to wild-type values).

(O) A model was proposed for the role of ALA3 in the polarized distribution of PS and vesicle trafficking. In Col-0 pollen tubes, ALA3 is required for the
polarized distribution of PS, which regulates the distribution and activity of certain Rab GTPases. Inala3 pollen tubes, the total PS level at the cytosolic leaflet
decreases significantly, and PS accumulates in the subapical zone, causing reduced vesicle formation and accumulation of vesicles in the subapical zone.
The mislocalization of vesicles causes failed secretion, leading to pollen tube growth defects.



fluorescence intensity of mCherry-RabA5d decreased in both the
apical and shank regions in the ala3 mutant (Figures 7E and 7F),
but its distribution pattern was not changed. In addition, RabE1d
and RabC1, which are post-Golgi markers, were located in the
whole pollentube and moved rapidly in the apical region. We found
that the fluorescence intensity of RabE1d was reduced in ala3
(Figures 7G and 7H). However, the fluorescence intensity of
RabC1, as well as the distribution pattern of these two markers,
were unchanged in ala3 compared with the wild type (Figures 7K
and 7L). Likewise, ARA6 and RabG3f are two specific LE markers
that were limited at the shank region of the pollen tube. The
fluorescence intensity of ARA6 was obviously weakened, but its
distribution pattern was not changed in ala3 (Figures 71 and 7J).
Unlike ARAB, both the fluorescence intensity and distribution
pattern of RabG3f were unchanged (Figures 7M and 7N). In
conclusion, we found that the functional deficiency of ALAS3 af-
fected multiple Rab GTPase-mediated vesicle transport path-
ways, but the regulatory mechanisms for Rab GTPases in various
transport pathways were different.

DISCUSSION

PS Is Abundantly Localized in the Inverted-Cone Zone of the
Arabidopsis Pollen Tube

The asymmetric distribution of PS between the two biomembrane
leaflets has a profound influence on the surface charge, curvature,
and lipid packing of the PM and specific endomembrane, as well
as the electrostatic gradient among different intracellular com-
partments (Yeung et al., 2008; Muthusamy et al., 2009; Xu et al.,
2013; Platre et al., 2018). Thus, PS plays a crucial role in endo-
membrane trafficking. Here, we found that EGFP-Lact-C2-labeled
PS was mainly located in the inverted-cone zone of the pollen tube
in Arabidopsis, suggesting a potential correlation between the
polarized distribution of PS and an accumulation of large amounts
of post-Golgi-derived vesicles in the apical region of pollen tube.
We also observed the localization of mCITRINE-Lact-C2-labeled
PS in the pollen tube of Arabidopsis (Platre et al., 2019) and found
that its localization pattern was similar to that of the EGFP-Lact-
C2-labeled PS (Supplemental Figure 11). In addition, this polarized
PS distribution in Arabidopsis pollen tubes was quite similarto that
in root hairs as well as in tobacco pollen tubes (Platre et al., 2018).
We therefore determined the subcellular localization of PS and
found that PS was primarily enriched in the TGN/EE, vesicles,
endosomes, and the PM in pollen tubes (Figures 4B to 4K), which
was consistent with the localizationinroot cells (Platre etal., 2018),
indicating that the subcellular localization of PS in different cell
types in planta are similar. Based on previous studies on anionic
lipids in pollen tubes, it was known that LE/multivesicular body-
localized PtdIns(3)P was involved in vesicle degradation (Vermeer
etal., 2006; Jean and Kiger, 2012); PtdIns(4)P mainly accumulated
at the PM of subapical and shank regions of pollen tubes and
contributed to the endocytic process (Zhao et al., 2010);
Ptdins(4,5)P, was also localized at the PM in both the apical and
subapical regions and was reported to control the growing site and
direction of pollen tube growth (Kost et al., 1999; Hempel et al.,
2017); PA was also a PM-localized lipid in tobacco pollen tubes
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(Potocky et al., 2014). Furthermore, we noticed that PS was not
only distributed chiefly in the inverted-cone zone of vesicle en-
richment at the apical region of pollen tube but also colocalized
with the vesicular markers RabA4b, RabA1g, and RabE1 or with
the endocytic dye FM4-64 (Figures 4B to 4K), confirming that
anionic lipids participate in the regulation of the polarized distri-
bution and trafficking of vesicles at the apical region of pollen tube
in various ways. In addition, it was reported that PI4P and PA were
also located at the PM, while PS was accumulated at both the PM
and endomembrane in dividing root cells (Platre et al., 2018).
Taken together, these results show that PS probably plays an
important role in endomembrane trafficking in different cell types
in plants.

ALA3 Is a Key Regulator of PS Distribution and the Polarized
Growth of Arabidopsis Pollen Tubes

Each member of the Arabidopsis ALA protein has its own tissue
expression and subcellular localization patterns as well as specific
lipid-flipping activity (Gomes et al., 2000; Poulsen et al., 2008;
Lépez-Marqués et al., 2010). However, which ALAs are involved in
the polarized distribution and localization of PS in pollen tubes
remains unknown to date. We revealed that ALA3 was abundantly
expressed in pollen grains (Supplemental Figure 3), and its dis-
tribution, movement trajectory, and subcellular localization were
extremely similar to those of PS in the apical region of pollen tubes
(Figures 2 and 4A to 4K). Additionally, a lack of ALA3 activity
resulted in a significant decrease of PS in the apical region but
aggregation in the subapical region and an apparent decrease in
PS in the shank of the pollen tube (Figures 4L and 4M). Lact-C2
marks PS only on the cytoplasmic leaflet of the PM and the
membranes of organelles (Yeung et al., 2008). In addition, ALA3
had been reported to have PS-flipping activity (Lopez-Marqués
et al., 2010), and the total content of PS in ala3 pollen was not
obviously changed (McDowell et al., 2013). Therefore, the main
reason for the decrease of PS signal in the ala3 mutant may be the
lack of the PS-flipping activity of ALAS3, leading to the failure of PS
to effectively flip to the cytoplasmic side of the PM and organelles.
Thus, we propose that ALAS3 is a key member of the ALA family
involved in establishing and maintaining the polarized distribution
of PSin pollen tubes. Indeed, ALA3 might translocate PS from the
extracellular/luminal leaflet of the membrane into the cytosolic
leaflet when transported in a polarized pattern, causing polarized
distribution of PS at the apical region of pollen tube with a highly
dynamic pattern.

Previous studies have shown that ALA3 participates in many
crucial physiological activities via multiple mechanisms, including
root and pollen tube growth (Poulsen et al., 2008; McDowell et al.,
2013; Zhang et al., 2020), trichome development (Zhang and
Oppenheimer, 2009), and resistance to pathogens (Underwood
et al., 2017). For example, in Arabidopsis root and tobacco leaf
cells, ALA3 was reported to be localized mainly in the Golgi ap-
paratus and only partially in the TGN/EE, and loss of function of
ALAZ3 led to a defect in the production of secretory vesicles in root
peripheral columella cells, which thereby inhibited root growth
(Poulsen et al., 2008). The latest research has reported that ALAS,
which is located mainly in the Golgi, TGN/EE, and PM, functions
together with the ARF GTPase exchange factors (GNOM and
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BIG3) in regulating PIN polarity, trafficking, and auxin-mediated
development (Zhang et al., 2020). In addition, it was recently
shown that loss of ALAS3 function had a negative impact on the
cycling of the defense protein PENETRATION3 between the PM
and TGN/EE and subsequently affected plant immune responses
against powdery mildews (Underwood etal.,2017). In addition, the
reason for the slow growth rate of the ala3 mutant pollen tube was
proposed to be a change in the trajectory of cytoplasmic
streaming (McDowell et al., 2013). Here, we found that loss of
ALAS3 resulted in increased pollen tube width and an absence of
apical vesicle distribution, suggesting that ALA3 also played
another important role in the polarity of pollen tube growth.

In contrast to the subcellular localization within root cells, ALA3
in pollen tubes is mainly located at the TGN/EE, vesicles, RE, and
the PM but is scarcely colocalized with Golgi markers (Figure 2).
This result was highly consistent with the fact that no ER and Golgi
were present in the apical region of pollen tube (Cheung and Wu,
2008; Chebli et al., 2013; Supplemental Figure 9). Importantly, in
the ala3 pollen tube, the fluorescence intensity of the TGN/EE was
observed to be significantly reduced; in addition, the amounts of
secretory vesicles also decreased, and the vesicle secretion rate
correspondingly decreased (Figure 5). Moreover, the transport
direction of apical vesicles in the ala3 pollen tube was severely
affected; PS and other endomembrane-derived vesicles could not
arrive atthe apical region and moved in adisordered manner within
the subapical region of the pollen tube. In addition, the polarized
distribution of ALA3 and PS in the apical region of pollen tube was
highly sensitive to several trafficking inhibitors, including BFA,
Wort, and LatB (Supplemental Figures 5 and 8). Furthermore, we
also measured the uptake of FM4-64 in Col-0 and ala3 pollen
tubes over time, and we found that the levels of internalized FM4-
64 in Col-0 and ala3 were similar at 5 min, indicating that the
endocytosis is not affected in the ala3 mutant (Supplemental
Figure 12).

In summary, ALA3 was confirmed to be closely associated with
post-Golgi-mediated vesicular secretion and polarized transport
at the apical region of pollen tube, and the altered transport di-
rection of apical vesicles was suggested to be the primary reason
for the defects in the polar growth of the ala3 pollen tube. In-
terestingly, Zhang and Oppenheimer (2009) reported that the
pollen tubes in ala3 grew slowly, but the root hair length was
relatively high, indicating that ALA3 had pleiotropic effects in
different types of polar cells. Based on these results, we proposed
that the subcellularlocalization and functional mechanism of ALA3
varied among different cell types in plants.

PS Might Be a Potential Phospholipid Signaling Molecule
Regulating Polarized Transport at the Apical Region of
Pollen Tubes

Rab GTPases constitute a key functional protein family that
contributes to endomembrane trafficking in eukaryotes and can
recognize and bind to specific organelles and the PM to participate
in multifarious transport pathways via varying molecular mech-
anisms (Nielsen et al., 2008; Woollard and Moore, 2008; Kjos et al.,
2018). Therefore, the specificity of Rab protein localization is the
basis for its biological function. However, the molecular mecha-
nisms regulating Rab GTPase localization have proved tricky

issues to address. Numerous studies have shown that the lo-
calization and distribution of Rabs are directly regulated by
multiple factors, including guanine-nucleotide-exchange factors,
GTPase-activating proteins, effector proteins, interacting pro-
teins, and phosphoinositides (Zerial and McBride, 2001; Gros-
shans et al., 2006; Thomas et al., 2019). Here, the vesicles labeled
with FM4-64, RabA4b/4d, RabA1e, and RabA1g could not reach
the apical region of pollen tubes of the ala3 mutant; and the
vesicles clustered in the subapical region of the pollen tube in
adisordered manner (Figures 1Ato 1D, 3Ato 3E,and to D7Ato 7D).
These results showed that ALA3 was involved in establishing the
polarized localization of these vesicles in the apical region of pollen
tubes. Moreover, we found that PS colocalized with RabA4b,
RabD1, and RabA1g in pollen tubes (Figures 4E to 4K). The evi-
dence from genetic analysis showed that ALA3 and RabA4d were
collectively responsible for regulation of the polar growth of pollen
tubes (Figure 3). Based on these results, we propose that PS likely
acts as a signaling molecule to participate in the polarized dis-
tribution and transport of Rab GTPase-mediated vesicles at the
apical region of pollen tube.

Recently, Platre et al. (2019) reported that PS directly binds to
another important small GTPase, termed Rho of Plants 6 (ROP6),
in vitro and in vivo; PS could recruit ROP6 into nanodomains in
specific membrane regions and had a notable effect on polar auxin
transport and gravitropism in roots. We also conducted the same
lipid overlay experiments in vitro and found that ROP6, RabA4b,
RabA4d, RabD1, and RabA1g could bind to PS and certain other
anionic lipids in vitro (Supplemental Figures 13D to 13H). In ad-
dition, to verify whether different forms of Rab GTPases have
different phospholipid binding activity, we also improved the
experiment by expressing the constitutively active and dominant-
negative forms of RabA4d (RabA4d®74L and RabA4d™°N), Ra-
bA4b (RabA4bA76L and RabA4bS3™N) and RabD1 (RabD1967- and
RabD1822N), The results of lipid overlay experiments showed that
either constitutively active or dominant-negative forms of these
Rab GTPases could bind to PS and the other anionic lipids
(Supplemental Figures 13l to 13N). Then, a liposome cosedi-
mentation assay was performed to quantify the phospholipid
binding activity of different forms of RabA4d. We found that
RabA4d®74L and RabA4d exhibited comparable binding activities
to PS; however, RabA4d™°®N exhibited slightly increased binding
activity to PS compared to RabA4d®74L and RabA4d
(Supplemental Figures 14A to 14E). Moreover, the binding activity
of RabA4d to PI4P was higher than that to PS (Supplemental
Figures 14F and 14G). Thus, we hypothesized that the polarized
distribution of PS might have a direct influence on the polarized
localization of these Rab GTPases as well as of their targeted
vesicles at the pollen tube tip. These findings indicate the exis-
tence of a new mechanism by which PS regulates vesicle traf-
ficking. However, Rop1 was found to be localized at the apical PM
of the pollen tube, which was chiefly involved in regulating the
growth direction of the pollen tube (Fuetal.,2001; Luo et al., 2017),
indicating that PS probably had specific regulatory mechanisms
for distinct small GTPases (Figure 70).

Furthermore, lipid binding assays demonstrated that Rab
GTPases could also bind to other anionic lipids, such as PA and
PIPs, in addition to PS (Supplemental Figure 13). Liposome co-
sedimentation assays also demonstrated that RabA4d cannot
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bindto PEand PCinvitro, which is consistent with the results of lipid
overlay experiments (Supplemental Figure 14). Because PIPs have
been confirmed to affect the localization of Rab GTPases by reg-
ulating many effector proteins (Jean and Kiger, 2012; Noack and
Jaillais, 2017), it was suggested that the localization and function of
Rab GTPases in pollen tubes were also likely regulated by these
anionic lipids. Based on these results, we proposed that Rab
GTPases might bind to these anionic lipids for preliminary locali-
zation, and Rab guanine-nucleotide-exchange factors or other
effector proteins likely affect the subsequent precise localization of
Rab GTPases. In addition, PI4Ks have been proven to be important
effectors of RabA4 family, which plays an important role in the polar
growth of pollen tubes and root hairs (Thole et al., 2008; Szumlanski
and Nielsen, 2009). The polar distribution of RabA4d/RabA4b in the
tip of pollen tube of ala3 mutant decreased significantly, so the
distribution of PI4Ks in ala3 mutant may also be affected, which
indirectly/directly leads to changes in the distribution and content of
membrane phospholipids, such as PtdIns(4)P and Ptdins(4,5)P.,.
Deciphering the underlying mechanism of these intracellular ac-
tivities should be an important direction for future research.

METHODS

Plant Materials

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 (Col-0) was used
as the wild type. Transgenic plants used in this study were in the Col-
0 background. The ala3 (SALK_082157), raba4d (CS360297), alal
(SALK_056947), ala6 (SALK_150173), ala7 (SALK_125598), ala9
(SALK_128495), and ala12 (SALK_111498) T-DNA insertion mutant seeds
were obtained from the Arabidopsis Biological Resource Center. The
T-DNA insertion in ala3 was identified by PCR using the primers ALA3LP,
ALA3RP, and LBb1.3. The T-DNA insertion in raba4d was identified by PCR
using the primers RabA4d-F, RabA4d-R, and LB1. Primers are described in
the Supplemental Table. The single mutants ala3 and raba4d were crossed
to obtain the double mutantala3 raba4d. Selection of transformed lines with
an ala3 background was conducted as previously described by Zhu et al.
(2017). The previously reported transgenic lines used in this study included
UBQ10, mCherry-RabC1 (Geldner et al., 2009); UBQ10, mCherry-RabG3f
(Geldner et al.,, 2009); UBQ10, mCherry-Rha1 (Geldner et al., 2009);
UBQ10, mCherry-VTI12 (Geldner et al., 2009); UBQ10, mCherry-Got1p
homolog (Geldner et al., 2009); UBQ70, mCherry-SYP32 (Geldner et al.,
2009); UBQ10, mCherry-RabA5d (Geldner et al., 2009); UBQ10, mCherry-
RabD1 (Geldner et al., 2009); UBQ10, mCherry-RabE1d (Geldner et al.,
2009); UBQ10, mCherry-RabA1e (Geldner et al., 2009); UBQ10, mCherry-
RabA1g (Geldner et al., 2009); UBQ10, mCherry-MEMB12 (Geldner et al.,
2009); LAT52, YFP-RabA4b (Zhang et al., 2010); UBQ10, mCITRINE-Lact-
C2 (Platre et al., 2019); and VHAa1:VHAa1-RFP (Dettmer et al., 2006).

Growth Conditions

Seeds were vernalized for 3 d at 4°C after surface sterilization and then
grown on Murashige and Skoog medium with 1% (w/v) agar. Seven-day-
old seedlings grown on Murashige and Skoog medium were transferred to
mixed soil in a greenhouse with a 16 h light/8 h dark photoperiod with white
fluorescent light (bulb type, TCL, TCLMY-28, 28 W, with five tubes;
100 wmol m~2 s~ 1) and 65% relative humidity at 22 + 2°C.

GUS Staining

The ALAS3 putative promoter, including the 1895-bp fragment upstream of
the start codon, was amplified from Col-0 genomic DNA by PCR. Primers
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are described in the Supplemental Table. The fragment was cloned into the
PDONR/?¢° entry vector, and then the fragment was transferred into pBIB-
BASTA-GWR-GUS binary vectors using LR Clonase Il (Invitrogen). The T2-
generation homozygous transgenic seedlings of ALA3:GUS were sub-
jected to GUS (B-glucuronidase) staining. GUS staining procedures were
performed as previously described by Jia et al. (2013). Images were ob-
tained using a ZEN2 microscope equipped with ZEN 2.3 software (Carl
Zeiss).

RT-PCR

Mature pollen grains of Col-0, ala3, the LAT52:ALA3-GFP;ala3 com-
plemented line, and the ALA3:ALA3P413N;ala3 complemented line were
collected. For mature pollen grain collection, at least 2 mL of fresh opened
flowers were collected in a 5-mL tube, and then, 2 mL of 2% (w/v) Suc
solution was added and vortexed for 1 min. The samples were centrifuged
at 6000g for 2 min. The flowers and solutions were removed, and then the
tubes with pellets (pollen grains) were saved in liquid nitrogen. Total RNA of
the pollens was extracted using the MiniBEST plant RNA extraction kit
(TaKaRa). Total cDNA was obtained through reverse transcription using
M-MLV (RNase H™) reverse transcriptase (TaKaRa). To confirm the ALA3
expression levels in Col-0, ala3, and the complemented lines, the ALA3
fragment was amplified from the total cDNA template by PCR. EF4A cDNA
was amplified as the internal control. Primers are described in the
Supplemental Table.

Pollen Tube Growth Analysis

For in vitro pollen tube growth, pollen from freshly opened flowers was
smeared onto solid pollen germination medium as described previously by
Zhuetal. (2017). Pollen tube length and width were measured using ImageJ
software (http://rsbweb.nih.gov/ij/). To confirm the pollen tube growth rate
in vivo, fresh pollen grains were pollinated onto the Col-0 pistils, the pistils
were fixed for 2 h with ethanol/acetic acid (3:1) after pollination for 5 or 9 h,
and a graded ethanol series of 80% (v/v), 50% (v/v), 30% (v/v), and double-
distilled water were used to rehydrate the pistils. For softening, the pistils
were incubated with 8 M NaOH overnight at 22°C and then washed at least
three times with double-distilled water. Samples were then stained with
aniline blue staining solution (0.1% [w/v] aniline blue in 100 MM phosphate
buffer, pH 8.0) for at least 3 h in the dark. Images were obtained using
a spinning-disk confocal microscope (Andor). Pollen tube length was
measured using ImageJ software.

Gene Cloning and Plasmid Construction

The coding sequences of ALA3, ARA6, RabA4d, and RabA4b and the full-
length genomic sequence of VGD1 were amplified from the Col-0 cDNA
library or genomic DNA by PCR. The coding sequence of ALA3 with a point
mutation (ALA3P473N) was amplified by fusion PCR. The C2 domain of the
lactadherin (Lact-C2) fragment with a stop codon was artificially synthe-
sized. The coding sequence of Lact-C2 was fused at the C terminus of
EGFP to generate EGFP-Lact-C2. The coding sequences of ALA3 and
EGFP-Lact-C2 were cloned into the pDONR/?¢° entry vector and then
transferred into the pBIB-BASTA-LAT52-GWR-GFP vector. The coding
sequence of ALA3P#73N with a stop codon was cloned into the pDONR/?€°
entry vector and then transferred into the pBIB-HYG-pALA3-GWR vector.
The coding sequence of ARA6 was cloned into the pDONR/?¢° entry vector
and then transferred into the pBIB-BASTA-LAT52-RFP-GWR vector. The
coding sequences of RabA4b and RabA4d were cloned into the pDONR/?¢°
entry vector and then transferred into the pBIB-BASTA-LAT52-RFP-GWR
vector. The full-length genomic sequence of VGD7 was cloned into the
PDONR/?° entry vector and then transferred into the pBIB-HYG-GWR-
GFP vector. To construct LAT52:HDEL-GFP, the ER retention signal HDEL
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was subcloned fromthe LAT52:AtbCH:EYFP:HDEL :NOS vector by digesting
the Hindlll and Xbal sites and fused to the pCAMBIA1300-LAT52:GFP
vector. These constructs were then transformed by Agrobacterium tume-
faciens strain GV3101-mediated transformation into ala3 homozygous
mutants or the wild type. Transgenic plants were selected on hygromycin or
Basta. All PCR amplifications were performed using PrimeSTAR GXL DNA
polymerase (TaKaRa). Sequencing analyses were performed to confirm the
amplified fragments. The primers used for the above cloning are described in
the Supplemental Table.

Confocal Microscopy and Image Analysis

Confocal images of pollen tubes on solid pollen germination medium were
acquired using a spinning-disk confocal microscope equipped with an iXON
ultra EMCCD camera (Andor) as previously reported by Qu et al. (2013).
Samples were observed using a 63X NA oil immersion lens. Image acqui-
sition was performed using Andor 1Q3 software. Time-lapse images were
captured every 0.5 s to 1 s for 20 s to 2 min. GFP was excited with a 488-nm
laser and observed using a 514-nm emission filter. YFP, mCITRINE was
excited with a 514-nm laser and observed using a 542-nm emission filter.
RFP, mCherry and FM4-64 were excited with a 561-nm laser and observed
using a607-nm emission filter. Images were quantified with Imaged software.
For colocalization evaluations, Imaged with the Colocalization Finder plugin
was used to calculate the Pearson correlation coefficients.

Quantification of the Velocity and Trajectory of Vesicle Movement

Imaris software was used to analyze the average trajectory speed. The
parameters of the Imaris program were defined as follows: vesicles with an
average diameter of 0.5 um were labeled, the maximum distance between
frames was 2 um, the maximum gap size was 3, and the trajectory duration
was 3 s.

Pharmacological Treatments

To determine the sensitivity of pollen tube growth to BFA, LatB, or Wort,
a final concentration of 0.4 or 0.5 uM BFA, 1 or 2 nM LatB, or 0.6 or 1 uM
Wort was added to the pollen germination medium. The same dilution ratio
of DMSO was added as a control. After growth for 3 h, paraformaldehyde at
a final concentration of 4% (w/v) in pollen germination medium was added
to fix the samples before measuring pollen tube length. To determine the
effects of inhibitors on ALA3-GFP and EGFP-Lact-C2 distribution in pollen
tubes, a final concentration of 0.4 uM BFA, 1 nM LatB, or 1 uM Wort
corresponding to 5 uM FM4-64 was added.

Aniline Blue Staining of Pollen Tubes

Pollen germinated for 3 h in vitro was fixed by using a fixative (4% [w/v]
paraformaldehyde in liquid pollen germination medium, pH 7.0) and then
washed three times with 100 mM phosphate buffer. Samples were stained
directly with aniline blue staining solution for 5 min before microscopy.

FM4-64 Staining

After germination for 3 h on pollen germination medium, a final concen-
tration of 5 uM FM4-64 was added. Pollen tubes were subjected to time-
lapse imaging at the appropriate time point.

Immunolabeling

Immunolabeling of pollen tube cell wall epitopes was performed with LM2,
LM6, LM15, JIM5, and JIM7 as described previously by Fabrice et al. (2018).
Pollen tubes grown for 3 h on solid pollen germination medium were fixed by

using a fixative (4% [w/v] paraformaldehyde, 50 mM PIPES buffer [pH 7.0],
2mM CaCl,,3mM MgSQO,, 18% [w/v] Suc)for 0.5 h atroom temperature (RT).
Samples were washed three times with PBS (137 mM NaCl, 2.7 mM KCl,
8 mM Na,HPO,, and2 mM KH,PQ,) for 5 min each and then blocked with 3%
(w/v) BSAiInPBS for 1 hat RT or overnightat 4°C. Samples were incubated for
1 hatRT with 1% (v/v) rat primary antibody (LM2, LM6, LM15, JIM5, JIM7) in
PBS with 3% (w/v) BSA. Samples were washed three times with the same
buffer and incubated with 0.5% (v/v) anti-rat IgG (whole molecule)-fluores-
cein isothiocyanate antibody (Sigma Aldrich; F1763) in PBS with 3% (w/v)
BSAinthe dark for 1 h at RT. Samples were washed five times for 5 min each
with PBS, and then slides were mounted with mounting solution (50% [v/v]
glycerol, 0.1% [w/v] p-phenylenediamine, and PBS) and observed with
a spinning-disk confocal fluorescence microscope (Andor).

FRAP Analysis

FRAP experiments were performed using a spinning-disk confocal fluo-
rescence microscope (Andor) equipped with a 63X NA oil immersion lens.
The region of interest was bleached with a 488-nm argon laser at 100%
transmission for 5 s. Fluorescence recovery was recorded at 5-s intervals for
upto 5 min. The recovery percentage of each time point was calculated using
the following equation: (I, — I9/(l, — I) X 100, where |, is the fluorescence
intensity at each time point, I is the initial fluorescence intensity after
bleaching, and |, is fluorescence intensity before bleaching (Luu et al., 2012).

Immunoblot Analysis

Ten microliters (100 ng) of purified protein was used to analyze protein
purity by immunoblotting using 1:10,000 anti- glutathione S-transferase
(GST) primary antibody (Abmart, M20007) and incubated at RT for 1 h.
Then, 1:10,000 secondary anti-mouse IgG (whole-molecule)-peroxidase
antibody (Sigma Aldrich, A9044) was applied at RT for 1 h. Images were
obtained using chemiluminescence detection.

Protein Expression, Purification, and Lipid-Protein Overlay Assay

The cDNAs of RabA4d, RabA4b, RabD1, ROP6, and RabA1g were am-
plified from the Col-0, with the primers listed in the Supplemental Table. The
primers used for site mutation of the constitutively active and dominant-
negative forms of the Rab GTPases are also listed in the Supplemental
Table. The PCR products were cloned into the pMD19-T vector and then
cloned into the pGEX 4T-1 destination vector. The expression plasmids
were transformed into Escherichia coli Rosetta cells for protein expression.
Purification of GST-tagged recombinant proteins was performed as pre-
viously described by Xiang et al. (2007). For lipid-protein overlay assays,
PIP strips containing fifteen purified lipids (P-6001, Echelon Bioscience)
were blocked in 3% (w/v) BSA in TBS-T (150 mM NaCl, 50 mM Tris, and 0.
05% [v/v] Tween 20; pH 8.0) at RT for 3 h. The strips were then incubated
with 2 pg/mL purified proteins in 10 mL of TBS-T with 3% (w/v) BSA at RT
for 2 h. Afterincubation, the strips were washed three times for 10 min each
with TBS-T, then incubated with 1:10,000 anti-GST primary antibody
(Abmart, M20007)in 10mL TBS-T at RT for 1 h, then washed three times for
10 min each with TBS-T and incubated with 1:10,000 secondary anti-
mouse IgG (whole-molecule)-peroxidase antibody (Sigma Aldrich, A9044)
in 10 mL of TBS-T at RT for 1 h. Images were obtained at RT using
chemiluminescent signals.

Liposome Cosedimentation Assay

The liposome cosedimentation experiments were performed as previously
described, with slight modifications, by Zhu et al. (2014). Liposomes were
prepared from 50% PC and 50% of the indicated lipids (PS, PE, or PI4P).
The lipid mixtures (dissolved in chloroform) were dried by nitrogen gas, and
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the dried lipid was resuspended in liposome buffer and sonicated for 20 min.
Foreach protein, afinal concentration of 2 uM, 3 wM, or 4 .M protein solution
was incubated with or without 100 g of lipid mixture at RT for 30 min. Then,
the samples were centrifuged at 20,0009 at 4°C for 30 min. Then, the pellets
and supernatants were separated, subjected to SDS-PAGE, and stained with
Coomassie Blue. The percentage of the bound proteins was analyzed by
ImageJ software.

Statistical Analysis

Statistical analysis was performed via the SPSS software package (version
22.0; IBM). The data represent the means =+ sbs based on three independent
biological replicates. Two-tailed Student’s t tests (t test) were performed to
determine statistical significance, and the threshold was set at 0.05.

Accession Numbers

The sequence data from this article can be found in The Arabidopsis In-
formation Resource (https://www.arabidopsis.org/) or GenBank (http://
www.ncbi.nim.nih.gov/genbank/) databases under the following acces-
sion numbers: At-ALA3 (AT1G59820), At-ALAT (AT5G04930), At-ALA2
(AT5G44240), At-ALA4 (AT1G17500), At-ALA5 (AT1G72700), At-ALA6
(AT1G54280), At-ALA7 (AT3G13900), At-ALA8 (AT3G27870), At-ALA9
(AT1G68710), At-ALATO (AT3G25610), At-ALAT1 (AT1G13210), At-
ALA12 (AT1G26130), At-RabA4d (AT3G12160), At-RabA4b (AT4G39990),
At-RabD1 (AT3G11730), At-RabA1g (AT3G15060), At-VGD1 (AT2G47040),
At-ARA6 (AT3G54840), MFGES (lactadherin) (NM_176610), and At-ROP6
(AT4G35020).

Supplemental Data

Supplemental Figure 1. The distribution pattern of the FM4-64-
labeled compartment in alat, ala6, ala7, ala9, and ala12 mutant pollen
tubes was comparable to that in Col-0 (supports Figure 1).

Supplemental Figure 2. The pollen tube growth of the ala3 mutant is
less sensitive to BFA than that of Col-0 (supports Figure 1).

Supplemental Figure 3. ALA3 is abundantly expressed in inflores-
cences, mature pollen grains, and pollen tubes (supports Figure 2).

Supplemental Figure 4. Kymograph showing ALA3-GFP not colo-
calized with Golgi or LE (supports Figure 2).

Supplemental Figure 5. The exogenous inhibitors BFA, LatB, and
Wort can significantly perturb the polar localization of ALA3-GFP in
pollen tubes (supports Figure 2).

Supplemental Figure 6. ALA3-GFP colocalizes with RFP-RabA4b at
the pollen tube tip (supports Figure 3).

Supplemental Figure 7. Kymograph showing EGFP-Lact-C2 colo-
calized or not colocalized with certain endomembrane compartments
(supports Figure 4).

Supplemental Figure 8. The exogenous inhibitors BFA, LatB, and
Wort can significantly perturb the polar localization of EGFP-Lact-C2
in pollen tubes (supports Figure 4).

Supplemental Figure 9. The distribution of the ER and Golgi is not
affected by the ala3 mutation (supports Figure 5).

Supplemental Figure 10. The velocities of the TGN/EE in Col-0 and
ala3 are comparable (supports Figure 5).

Supplemental Figure 11. Localization pattern of mCITRINE-Lact-C2
PS biosensor is similar to the EGFP-Lact-C2 PS biosensor in Col-
0 and ala3 (supports Discussion).

Supplemental Figure 12. The levels of internalized FM4-64 in Col-
0 and ala3 are similar (supports Discussion).
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Supplemental Figure 13. Different forms of some Rab GTPases can
directly bind to PS in vitro (supports Discussion).

Supplemental Figure 14. Different forms of RabA4d can directly bind
to PS but not PE or PC in vitro (supports Discussion).

Supplemental Table. Primers used in this study.

Supplemental Movie 1. FM4-64 distributes in inverted-cone zone of
the Col-0 pollen tube (supports Figure 1).

Supplemental Movie 2. YFP-RabA4b localizes inverted-cone zone of
the Col-0 pollen tube (supports Figure 1).

Supplemental Movie 3. FM4-64 moved in a disordered manner of the
subapical region of ala3 mutant pollen tube (supports Figure 1).

Supplemental Movie 4. YFP-RabA4b moved in a disordered manner
of the subapical region of ala3 mutant pollen tube (supports Figure 1).

Supplemental Movie 5. ALA3-GFP signals were largely distributed in
the apical and subapical regions of the pollen tube (supports Figure 2).

Supplemental Movie 6. RFP-RabA4d localizes inverted-cone zone of
the Col-0 pollen tube (supports Figure 3).

Supplemental Movie 7. RFP-RabA4d moved in a disordered manner
of the subapical region of ala3 mutant pollen tube (supports Figure 3).

Supplemental Movie 8. EGFP-Lact-C2 PS biosensor was abundantly
localized at the inverted-cone zone of Col-0 pollen tube (supports
Figure 4).

Supplemental Movie 9. EGFP-Lact-C2 PS biosensor was abundantly
localized at the inverted-cone zone of Col-0 pollen tube (supports
Figure 4).

Supplemental Movie 10. EGFP-Lact-C2 PS biosensor moved in
a disordered manner of the subapical region of ala3 mutant pollen
tube (supports Figure 4).

Supplemental Movie 11. VHAa1-RFP TGN/EE marker localizes at the
shank region of Col-0 pollen tube (supports Figure 5).

Supplemental Movie 12. mCherry-VTI12 TGN/EE marker localizes at
the apical, subapical, and shank regions of Col-0 pollen tube (supports
Figure 5).

Supplemental Movie 13. VHAa1-RFP TGN/EE marker localizes at the
shank region of ala3 mutant pollen tube (supports Figure 5).

Supplemental Movie 14. mCherry-VTI12 TGN/EE marker was abun-
dantly accumulate at the subapical region of ala3 mutant pollen tube
(supports Figure 5).

Supplemental Movie 15. mCherry-RabA1e RE marker localizes at the
apical and shank region of Col-0 pollen tube (supports Figure 7).

Supplemental Movie 16. mCherry-RabA1g RE marker localizes at the
apical and shank region of Col-0 pollen tube (Supports Figure 7).

Supplemental Movie 17. mCherry-RabA1e RE marker was abun-
dantly accumulate at the subapical region of ala3 mutant pollen tube
(supports Figure 7).

Supplemental Movie 18. mCherry-RabA1g RE marker was abun-
dantly accumulate at the subapical region of ala3 mutant pollen tube
(supports Figure 7).
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