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Abstract

Peptide/receptor-like kinase-mediated signaling plays a pivotal role in male-female interactions, particularly in guiding the growth of pollen
tubes, which is essential for fertilization in flowering plants. However, the downstream cellular events within the pollen tube guidance signaling
network remain largely unexplored. In this study, actin dynamics in pollen tubes growing semi-in vitro were directly visualized, and it was
discovered that AtLURE1s-induced pollen tube growth guidance is intricately regulated by actin assembly and disassembly. The observations
revealed that apical actin filaments undergo a process of rapid depolymerization and repolymerization at the leading side, which in turn
facilitates the reconstruction of the apical actin structure, enabling the pollen tube to grow in a new direction. Notably, it was observed that actin
depolymerization and subsequent repolymerization occur on the leading side before any morphological changes in the pollen tube.
Furthermore, it was found that the loss of function of ADF10 results in the accumulation of apical actin filaments, altering the turning behavior of
the pollen tube. These findings suggest that rapid actin depolymerization at the leading side and the subsequent reconstruction of the apical

structure occur early and are crucial for successful pollen tube turning.
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Introduction

Pollen tube growth serves as a conduit for two immotile
sperm cells, enabling double fertilization in flowering plants.
Throughout their lengthy journey to the ovules, pollen tubes
continuously alter their growth direction in response to signals
emanating from the female tissues!'l. To successfully navigate
to their destination, pollen tubes have evolved intricate
systems known as pollen tube guidance mechanisms, which
regulate the directionality of tip growth. This guidance is cate-
gorized into preovular and ovular guidancel?3l. Within this
framework of male-female interaction, it is widely recognized
that female tissues secrete pollen tube attractant peptides.
These attractant peptides are perceived by membrane-
anchored receptor-like kinases in pollen tubes, triggering down-
stream cellular events that steer the pollen tubes' direction>1,
Among them, defensin-like CRPs, such as LUREs, are well-
characterized. LUREs were originally discovered in Torenia
fournieri®®], and then in Arabidopsis and its relatives’-9. To date,
however, the downstream cellular events triggered by LURE
signaling during pollen tube guidance remains largely
unexplored.

The successful redirection of pollen tubes relies on the effi-
cient transportation of materials essential for cell wall synthesis
and membrane expansion to the newly expanding regions of
the pollen tubes!'°-12], Therefore, pollen tube growth guidance
is intimately linked to the rapid tip growth of the pollen tubes.
In this context, an exocytosis-centered mechanism has been
proposed to bridge the gap between pollen tip growth and
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guided pollen tube growth'3l, Actin dynamics play a pivotal
role in polarized pollen tube growth by orchestrating the
trafficking of exo- and endocytotic vesicles'*-2', For instance,
perturbation in actin dynamics resulting from the alteration in
the function of pollen-expressed actin and its binding proteins
influences the growth and morphogenesis of pollen
tubesl22-381, |t is evident that actin dynamics are crucial in
connecting pollen tube tip growth with guided pollen tube
growth. Indeed, previous visualization studies of the actin
cytoskeleton in pollen tubes growing in vitro have revealed a
process of depolymerization and repolymerization at the apical
region, which facilitates the reconstruction of the apical struc-
ture to support growth in a new direction3°l. However, con-
sidering that in vitro-grown pollen tubes exhibit random turn-
ing, it remains uncertain whether these turning events share
similar underlying cellular mechanisms with those observed in
pollen tubes guided by external cues.

To address this question, a semi-in vitro pollen tube growth
system was employed combined with advanced live cell imag-
ing techniques to monitor actin filament dynamics during the
turning of pollen tubes. The present findings demonstrate that
actin filaments undergo rapid depolymerization at the leading
side of the pollen tube tip, followed by repolymerization from
the plasma membrane, enabling the reconstruction of the
apical actin structure and guiding pollen tube growth towards
anew direction. Notably, it was observed that the reconstruction
of the apical actin structure precedes morphological changes in
the pollen tubes, suggesting that it is an early cellular event
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during guided pollen tube growth. Furthermore, by analyzing
the effect of loss of function of Arabidopsis actin-depolymerizing
factor 10 (ADF10)9), the present study specifically reveals that
actin depolymerization at the leading side of the turning pollen
tube is crucial for successful turning. This process appears to be
essential for the pollen tube to respond to external cues, such
as female-derived peptides. By elucidating these cellular mech-
anisms, we gain insights into how pollen tubes can navigate
and grow towards their target, providing valuable insights into
the intricate link between pollen tube tip growth and guidance.

Materials and methods

Plant materials and growth conditions

The information for the Arabidopsis ADF10 TALEN line has
been described previously!%, The Arabidopsis ADF10 CRISPR
line was generated according to the method described below.
The information of FIM5pro:FIM5-EGFP;fim5 plants and
FH5pro:FH5-EGFP;fh5 plants can be found in previously
published papersi2629. The Arabidopsis thaliana Columbia
ecotype (Col-0) was used as a wild type. The Arabidopsis
thaliana plants were grown at 22 °C under a photoperiod of 16-
h-light/8-h-dark in soil within a growth room.

Generation of ADF10 loss-of-function CRISPR lines

Two guide RNAs specific to ADF10 were ligated into the
vector PHEE401 according to the method described
previously®'l, The constructed ADF10 CRISPR vector was trans-
formed into Agrobacterium strain GV3101, which was subse-
quently used to transform wild-type plants via the floral dip
method?l. Genomic DNA was extracted from the T1-transgenic
plants, and fragments surrounding the ADF10 target sites were
amplified using the primers ADF10-CRISPR-F (5'-CGACGTATC
AGTGTTGTGAC-3') and ADF10-CRISPR-R (5'-CGAAAGTGAGCTA
TTACACG-3'). These PCR products were then sequenced to
identify mutations in the ADF10 gene. From the sequenced
plants, homozygous ADF10 knockout lines were selected. These
lines were propagated to obtain T2 seeds. Genomic DNA from
T2 plants was extracted, and primers Zcas9-IDF32 (5'-
CTGTTCGTCGAGCAGCACAAGCATT-3") and tE9-IDR (5'-CATT
AGAGGCCACGATTTGACACAT-3") were used to identify non-
transgenic plants (those without the CRISPR construct). Finally,
the non-transgenic ADF10 knockout mutants from the T2
generation were propagated to obtain T3 seeds. These T3 non-
transgenic ADF10 knockout mutants were then used for further
experiments.

Protein purification

To generate AtLURE1.2 peptides, the coding sequences of
AtLURE1.2 were fused with a His-tag at the C-terminal using the
PET28a vector. This construct was then transformed into E. coli
BL21 (DE3) cells. Once the optical density (OD) at 600 nm
reached 0.6, the cells were induced to express the protein by
adding 0.5 mM isopropyl-S-d-thiogalactopyranoside (IPTG).
This induction was maintained for 4 h at 37 °C and the bacterial
cells were subsequently harvested by centrifugation and resus-
pended in a buffer containing 5 mM imidazole (pH 7.0). This
suspension was then lysed using sonication to release the intra-
cellular proteins. After centrifugation at 1,935 g for 15 min, the
pellets containing insoluble protein fractions were collected.
This centrifugation and pellet collection step was repeated
three times. The insoluble AtLURE1.2-His peptides, trapped
within the inclusion bodies, were solubilized overnight at 4 °C
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in a buffer containing 50 mM tris, 50 mM glycine, 8 M urea, and
1 mM p-mercaptoethanol (pH 8.0). Following solubilization, the
mixture was centrifuged at 1,935 g for 15 min to remove any
remaining insoluble debris. The supernatants containing the
solubilized peptides were then refolded over 5 d at 4 °C using a
buffer system containing tris, L-Arginine, PMSF, and urea. After
refolding, the peptides were dialyzed against 10 mM Tris-HCl
(pH 8.0), and the dialyzed peptides were purified using Ni-NTA
affinity chromatography, following the manufacturer's instruc-
tions. Finally, the purified protein was dialyzed against 5 mM
Tris-HCI (pH 8.0).

Semi-in vitro AtLURE1.2-responsive assay

Three previously used pollen germination mediums (PGMs)
were employed to investigate the growth of semi-in vitro pollen
tubes, designated as 1#PGM, 2#PGM, and 3#PGM. Each medium
was specifically designed to provide different nutritional and
ionic conditions for pollen germination and tube growth. For
instance, T#PGM contains 1 mM Ca(NO3),, 1 mM CaCl,, 1 mM
MgSO,, 0.01% (w/v) H3;BOs, 18% (w/v) sucrose, and 1.5% (w/v)
low-melting agarose, pH 6.9—7.0[2¢1, 2#PGM, on the other hand,
contains 1.27 mM Ca(NOs),, 0.4 mM MgSO,, 0.001% (w/v) H3BO;,
14% (w/v) sucrose, and 1.5% (w/v) low-melting agarose, pH
7.0131, Lastly, 3#PGM comprises 5 mM CaCl,, 5 mM KCl, 1T mM
MgSQO,, 0.01% (w/v) H3BOs, 10% (w/v) sucrose, and 1.5% (w/v)
low-melting agarose, pH 7.514. The semi-in vitro AtLURE1.2-
responsive assay was then conducted to visualize the wavy tip
growth of pollen tubes attracted by AtLURE1.2, following the
previously described protocol®. This assay involved adding
purified AtLURE1.2 peptides to the melted PGM, whether it be
1#PGM, 2#PGM, or 3#PGM. Once the PGM solidified, it was cut
into small squares and placed on a glass slide. The wild-type
pistils were emasculated the night before, and pollen derived
from either wild-type or adf10 mutant plants was pollinated
onto these pistils. Approximately one hour after hand-pollina-
tion, the styles were excised using a needle and placed on the
solid PGM containing AtLURE1.2 peptides. The excised styles
were then incubated at 22 °C for 4-6 h before observation
under an Olympus BX53 microscope equipped with a 20x
objective lens and a CCD camera. Quantification of pollen tube
morphology was performed using ImageJ software, allowing for
quantitative analysis of the effects of AtLURE1.2 on pollen tube
growth in the different PGMs.

LURE beads guidance assay

Semi-in vitro pollen tubes grow on the PGM in the absence of
AtLURE1.2 peptides, as described previously!®l. To investigate
the pollen tube's directed attraction towards AtLURE1.2, the
LURE1 beads guidance assay was performed according to the
method described previously®®. An equal volume of purified
AtLURE1.2 peptides were mixed with 12% (w/v) gelatin and
subsequently added into 150 pL silicone oil (viscosity 100cSt;
SIGMA-ALDRICH). This mixture was then vortexed to divide it
into small beads. The beads were placed obliquely in front of
the pollen tube tip using an Olympus CKX53 micro-manipulator
mounted on an inverted microscope. The growing process of
pollen tubes toward the beads was observed under an Olympus
CX21 microscope equipped with a 10x objective lens and was
captured by a CCD camera.

Pharmacological treatments
To investigate the impact of latruculin B (LatB) on pollen
germination, various concentrations of LatB were first mixed
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into molten solid PGM1# maintained at 40 °C. Then, pollen
grains harvested from WT, the ADF10 loss-of-function CRISPR
line 95#-14, and the TALEN line #10 were deposited onto the
PGM surface containing these different concentrations of LatB.
After deposition, the samples were incubated at 28 °C for 3 h to
allow germination to occur. The germination process was
closely monitored using an Olympus CX21 microscope with a
10x objective lens, and the images were captured using a CCD
camera. Following the incubation period, a quantitative analysis
of pollen germination rates was conducted using ImageJ soft-
ware, taking into account the various LatB concentrations.

Visualization of actin filaments, FIM5, and ADF10
subcellular localization in living pollen tubes

To visualize the dynamics of apical actin filaments, pollen
tubes expressing Lifeact-EGFP were utilized, as described by
Qu et al.*L, Similarly, for the observation of the spatiotemporal
subcellular distribution of FIM5 and ADF10, pollen tubes
derived from FIM5pro:FIM5-EGFP;fim51261 and ADF10pro:ADF10-
EGFP;adf10% were employed, respectively. These pollen tubes
were grown on solid PGM containing 5 pM AtLURE1.2 peptides
and passed through the cut style, as previously described. Once
most pollen tubes had grown to a length of 200-300 um on the
PGM, the PGM was inverted and placed in a confocal dish.
Subsequently, the time-lapse imaging was performed using a
spinning disk confocal microscope equipped with an 100x oil
objective lens. Z-stack time series images were acquired at 3-s
intervals, with the z-steps set at 0.7 um. The collected images
were then analyzed using ImagelJ software.

Analysis of the fluorescence intensity of actin filaments
and the turning angles of pollen tubes

To quantify the content of actin filaments at the pollen tube
tip, ImageJ software was used to measure the fluorescence
intensity of Lifeact-EGFP at the apical region 2.5-3.5 um away
from the tip. Specifically, a 1 um wide straight line was drawn
precisely 2.5 um from the tip. Utilizing the 'Plot Profile’ plugin in
ImagelJ, the gray value of each point along this line was
measured and plotted the data as a curve. Similarly, the fluores-
cence intensity of FIM5-EGFP was analyzed at the regions
3.5-4.5 pm and 2.5-3.5 pm from the tip. To assess the relative
abundance of actin filaments on both the leading and rear
sides, the pollen tube was divided into two sections along its
growth axis and the mean gray value of each section was
measured independently using Imagel. Finally, to determine
the turning angle of the pollen tubes, ImageJ was employed to
calculate the included angle between the initial and new
growth directions. This included angle served as a metric for
quantifying the degree of tube turning.

Results

Apical actin filaments undergo rapid depolymerization
and repolymerization at the leading side during
AtLURE1.2-induced tube turning

A semi-in vitro assay was developed that responds to
AtLURE1.2, as previously reported by Takeuchi &
Higashiyamal®, to visually observe the behavior of the actin
cytoskeleton within pollen tubes as they are directed to grow
by female-emitted signals. To optimize the growth state of
pollen tubes grown outside the cut style, three germination
mediums were initially tested: 1#, 2#, and 3#, as reported in the
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literature. It was discovered that pollen tubes grew with the
fastest velocity on the 3#PGM, both in the presence and
absence of AtLURE1.2 (Supplemental Fig. S1). Therefore, the 3#
medium was selected for subsequent experiments. In contrast
to pollen tubes that grew straight in the absence of AtLURE1.2,
the presence of various concentrations of AtLURE1.2 induced
a wavy growth pattern in pollen tubes (Supplemental Fig. S2a).
In support of the notion that this is a specific response to
AtLURE1.2, it was observed that prk6é pollen tubes grew
straightly, even in the presence of AtLURE1.2 (Supplemental
Fig. S2a). Consistent with this, it was found that pollen tubes
grew straight in vitro when exposed to AtLURE1.2 (Supplemental
Fig. S2b).

Next, pollen tubes expressing Lat52::Lifeact-EGFP*5461 were
visualized growing semi-in vitro. Initially, it was demonstrated
that pollen tubes harboring Lifeact-EGFP exhibited a wavy
growth pattern (Fig. 1a), indicating their responsiveness to
AtLURE1.2. Utilizing spinning disk confocal microscopy, it was
observed the dynamics of actin filaments in pollen tubes as
they turned in response to AtLURE1.2. The focus was on moni-
toring the dynamics of apical actin filaments, which have been
shown to undergo rapid changes during re-orientation in
pollen tubes growing in vitroB9l. It was observed that the actin
filaments at the leading side underwent a process of rapid
depolymerization followed by gradual repolymerization,
allowing for the reestablishment of the apical actin structure
(Fig. 1b, ).

To reveal the changes in actin dynamics with higher
spatiotemporal resolution during wavy pollen tube growth, we
sought to trace the alterations in the actin cytoskeleton within
pollen tubes as they turn. Initially, the changes in angles
formed between the new growth axis and the original growth
axis of pollen tubes (Fig. 1d) were quantified and plotted the
fluorescence intensity of actin filaments on both sides of the
pollen tubes and the angles during the turning process. The
findings indicate that actin filaments undergo depolymerization
and repolymerization at the leading side, whereas no significant
change in the amount of actin filaments was observed at the
rear side of the pollen tubes (Fig. 1e). To eliminate the possibility
of artifacts arising from the use of the exogenous Lifeact-EGFP
marker, actin filaments were also visualised in pollen tubes
derived from FIM5pro:FIM5-EGFP;fim5 plants(26], This is because
FIM5-EGFP effectively labels actin filaments within the growth
domain of pollen tubes’. It was initially confirmed that the
FIM5pro:FIM5-EGFP;fim5 pollen tubes respond to AtLURE1.2
(Supplemental Fig. S3a). Subsequently, it was discovered that
the FIM5-EGFP-labeled actin filaments undergo a similar
process of depolymerization and repolymerization at the lead-
ing side in the pollen tube (Supplemental Fig. S3b—e), albeit
exhibiting a slightly different overall pattern compared to Life-
act-labeled actin filaments. Notably, it was observed that the
depolymerization and repolymerization of actin filaments at
the leading side preceded the morphological changes in the
pollen tubes (Fig. Te; Supplemental Fig. S3e). This suggests that
the rapid depolymerization and subsequent repolymerization
of actin filaments at the leading side, to rebuild the apical actin
structure towards the future growth direction is an early event
during the turning of pollen tubes.

Loss of function of ADF10 affects AtLURE1.2-induced
turning behavior of pollen tubes

To understand the molecular mechanism underlying the
changes in actin at the leading side of pollen tubes during their
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Fig. 1 Actin filaments undergo depolymerization and repolymerization at the leading side of the pollen tube during AtLURE1.2-induced
turning. (a) Semi-in vitro AtLURE1.2-responsive wavy assay for wild-type (Col-0) 4—6 h after pollination (HAP). The pollen tubes of wild-type
show wavy tip growth on the solid PGM containing 1 pM AtLURE1.2 peptides. Scale bars, 50 pm (top) and 20 um (bottom). The micrographs are
representative of three samples. (b) Time-lapse images of actin filaments during AtLURE1.2-induced turning of a semi-in vitro growth wild-type
pollen tube. The lower panel shows the merged images from two time points, in which the newly grown portion of pollen tubes between two
time points was green colored. Green circles in the upper panel and pink arrowheads in the lower panel indicate the pollen tube growth
direction, red arrowheads indicate the cortical apical actin filaments. Scale bar, 5 pm. (c) Quantification of the fluorescence intensity of apical
actin filaments within yellow boxed square in (b). Red arrowheads indicate the peaks of fluorescence. (d) Schematic describing the
quantification of the turning angles. The red vertical line shows the initial tube growth direction and the blue lines show the new growth
direction, € is the included angle of each blue line with the red line, 8 change indicates the turning of the pollen tube. (e) Analysis of the
fluorescence intensity of the pollen tube in (b) on both sides of the top region 2.5 to 3.5 um away from the tip and the tube turning over time.

turning, it was examined whether ADF is involved in this
process. ADF10 has been identified as crucial for the turnover
of subapical actin filaments in pollen tubes, facilitating their
depolymerization and severing®?l. Therefore, it was hypothe-
sized that ADF10 might play a role in the turning behavior of
pollen tubes. To test this, it was initially investigated whether
the loss of function of ADF10 might impact AtLURE1.2-induced
pollen tube turning. The growth of adf10-1 pollen tubes were
traced and compared side-by-side with WT pollen tubes. The
observations revealed that, although adf10-1 pollen tubes were
able to respond to AtLURE1.2, their morphology differed signifi-
cantly from that of WT, exhibiting irregular turning patterns
(Fig. 2a). Furthermore, another mutant allele of ADF10, adf10-2,
generated using the CRISPR/Cas9 gene editing approach,
exhibited similar irregular turning behavior (Supplemental Fig.
S4), confirming that this phenotype is indeed a result of the loss
of function of ADF10. To quantitatively analyze this phenotype,
the distance between adjacent peaks and the amplitude of
each turn were measured (Fig. 2b top). The analysis revealed
that both the distance between adjacent peaks and the ampli-
tude of each turn were reduced in adfiO-1 pollen tubes
compared to WT (Fig. 2b bottom; Supplemental Fig. S4e). To
gain a deeper understanding of the pollen tube turning be-
havior, the dynamic turning process was monitored over

Page40f10

several consecutive turns and found that the turns in adf10-1
were smaller compared to WT (Fig. 2c). This could explain why,
despite growing slower, adf10-1 pollen tubes took a shorter
time to complete a turn compared to WT (Fig. 2d). Interestingly,
it was also observed that adf10-1 pollen tubes occasionally
exhibited non-horizontal turning patterns, resembling spiral
growth (Fig. 2¢).

To further investigate whether the small and unsmooth wavy
tip growth is indeed induced by AtLURE1.2, a LURET beads
guidance assay was established, as previously reported®. The
results demonstrated that both adf10-1 and WT pollen tubes
can be attracted by AtLURE1.2 beads. However, there were
notable differences in their growth patterns. Specifically, the
adf10-1 tube exhibited a small and unsmooth turning track in
comparison to the WT (Fig. 2e, 2f; Supplemental Videos S1-S52).
Despite these differences in growth tracks, it was unexpectedly
found that adf10-1 and WT pollen tubes demonstrated similar
capabilities in responding to the attraction of AtLURE1.2 beads.
This similarity was evident from the data showing that an iden-
tical percentage of both adf10-1 and WT pollen tubes were
attracted by AtLURE1.2 beads (Fig. 2e). Collectively, the findings
suggest that the loss-of-function of ADF10 alters the AtLURE1.2-
induced tube turning behavior, while maintaining a comparable
response to the attractant.

Xu et al. Seed Biology 2024, 3: €015
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Fig. 2 Loss of function of ADF10 alters AtLURE1.2-induced tube turning behavior. (a) A semi-in vitro AtLURE1.2-responsive wavy assay was
performed on wild-type (Col-0) and adf10 mutant pollen tubes. Compared to the wild-type, the pollen tubes of the adf10 mutant exhibited
irregular wavy tip growth on solid GM containing 1 pM AtLURE1.2 peptides. Scale bars, 50 um (top) and 20 um (bottom). The micrographs
presented are representative of three samples. (b) Quantification of the morphological characteristics of wild-type and adf10 pollen tubes was
conducted. The upper panel depicts a schematic representation of how pollen tube morphology is quantified. The black line represents the
distance between adjacent turns, while the blue line indicates the height of one turn. The lower panel displays the quantification results of
tube morphology. Data are presented as mean * SE. ** p < 0.01 (Student's t-test). (c) and (d) Visualization and quantification of AtLURE1.2-
induced tube turning in wild-type and adf10 mutant pollen tubes were performed. Blue lines in the upper panel of (c) depict the growth track
of pollen tubes, red arrows indicate the new growth direction, and the green arrow highlights an abnormal turn in the adf10 mutant. Data in (d)
are presented as mean + SE. ** p < 0.01 (Student's t-test). (e) Time-lapse images were captured of WT (upper panel) and adf10 (lower panel)
pollen tubes growing towards AtLURE1.2-beads. The green arrowhead indicates a pollen tube initially growing along the side of an AtLURE1.2-
bead, subsequently changing direction to grow towards it. The red arrowhead points to a pollen tube growing straightly towards an AtLURE1.2-
bead. Yellow arrows indicate the direction of pollen tube growth. White asterisks mark the position of AtLURE1.2-beads. The entire series of
images can be found in Supplemental Videos ST & S2. Scale bar, 5 um. (f) Quantification of the percentage of pollen tubes attracted by
AtLURE1.2-beads was conducted. Data are presented as mean + SE. n.s., no significant difference (Student's t-test).

Depletion of ADF10 prevents rapid depolymerization
of apical actin filaments at the leading side of turning
pollen tubes

Next, the aim was to visualize the dynamics of actin filaments
in pollen tubes during AtLURE1.2-induced turning. However, a
challenge was encountered in that adf10-1 pollen tubes harbor-
ing Lifeact-eGFP grows slowly after navigating through the cut

Xu et al. Seed Biology 2024, 3: €015

style, thus hindering efforts to visualize actin filament dynamics
during their turning. Nevertheless, given that the spatial distri-
bution of actin filaments in pollen tubes during AtLURE1.2-
induced turning (see Fig. 1b, ) appeared comparable to that
observed in randomly turning pollen tubes growing in vitroB3,
the focus was shifted to visualize actin dynamics in the turning
of pollen tubes growing in vitro. In contrast to WT pollen tubes
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(Fig. 3, 0, it was observed that the apical actin filaments at the
leading side of adf10-1 pollen tubes failed to depolymerize
rapidly before the onset of turning (Fig. 3c—e). Furthermore,
notably, there was an accumulation of disorganized actin fila-
ments at the leading side of adf10-1 pollen tubes throughout
the entire turning process (Fig. 3c). These findings suggest that
the rapid depolymerization of actin filaments, which typically
precedes the turning of pollen tubes, is compromised in adf10-1
pollen tubes. Consequently, this delays the reorganization of the
apical actin structure towards the new growth direction.

ADF10 promotes pollen tube turning

ADF10 undergoes asymmetric localization during tube
turning

To understand how ADF10 regulates actin dynamics during
pollen tube turning, we first sought to determine the intracellu-
lar localization of ADF10 during this process. Although previous
studies have demonstrated that ADF10pro:ADF10-EGFP can
complement the growth defects of in vitro growing pollen
tubes®Y, it was unexpectedly found that it cannot fully rescue
the pollen tube turning behavior of adf10-1 in the semi-in vitro
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Fig.3 Loss of function of ADF10 induces accumulation of actin filaments at the leading side in turning pollen tubes growing in vitro. (a) Time-
lapse images of actin filaments during the turning of in vitro growing wild-type pollen tube. The lower panel shows the merged images from
two time points, in which the newly grown portion of pollen tubes between two time points was green colored. Green circles in the upper
panel and pink arrowheads in the lower panel indicate the new tube growth direction, while red arrowheads in the upper panel highlight the
cortical apical actin filaments. Scale bar, 5 um. (b) Quantification of the fluorescence intensity of apical actin filaments, as indicated by the
yellow square in (a). Red arrowheads mark the peaks of fluorescence. (c) Time-lapse images of actin filaments during random turning of an in
vitro growing adf10 pollen tube. The lower panel shows the merged images from two time points, in which the newly grown portion of pollen
tubes between two time points was green colored. Green circles in the upper panel and pink arrowheads in the lower panel indicate the new
tube growth direction, and red arrowheads in the upper panel highlight the cortical apical actin filaments. Scale bar, 5 um. (d) Quantification of
the fluorescence intensity of apical actin filaments, as indicated by the yellow square in (c). Red arrowheads mark the peaks of fluorescence. (e)
Analysis of the fluorescence intensity of the pollen tube in (c) on both sides at the region 2.5 to 3.5 um away from the tip, along with the tube
turning angles over time.
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AtLURE1.2-responsive assay (Fig. 4a & b). Given that apical actin
filaments exhibit a similar organization during both random
and AtLURE1.2-guided turning, and considering that ADF10-
EGFP is fully functional in rescuing growth defects in vitro, the
focus was shifted to visualizing the localization of ADF10-EGFP
during random turning of pollen tubes growing in vitro. The
observations revealed that ADF10 is comparatively concen-
trated in the leading subapex region, precisely where actin

Seed Biology

filaments undergo rapid depolymerization (Fig. 4c). Specifically,
kymograph analysis demonstrated that ADF10 accumulates at
the leading side before the turning of the pollen tube and
subsequently distributes uniformly at both the leading and rear
sides once a new growth direction is established (Fig. 4d, e).
These findings strongly suggest that ADF10 undergoes asym-
metric localization at the subapex before the turning of the
pollen tube.
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Fig. 4 ADF10 undergoes asymmetric localization during random tube turning. (a) Images of WT and ADF10pro: ADF10-EGFP pollen tubes
growing out from the cut style. Scale bars, 50 um. The micrographs are representative of three samples. (b) Quantification of the morphological
characteristics of wild-type and ADF10pro: ADF10-EGFP; adf10 pollen tubes in (a) was conducted. Data are presented as mean + SE. ** p < 0.01
(Student's t-test). (c) Time-lapse images of ADF10pro: ADF10-EGFP pollen tubes growing in vitro. The upper panel shows the time-lapse images.
The lower panel shows the merged images from two time points, in which the newly grown portion of pollen tubes between two time points
was green colored. Scale bars, 5 um. (d) The kymograph analysis of ADF10-EGFP in the pollen tube shown in (c). The region of interest used for
the kymograph measurement is outlined in the left panel. (e) Analysis of the average fluorescence pixel intensity of apical ADF10-EGFP at the
leading side and tube turning angle over time. The fluorescence intensity within the yellow square on the leading side shown in the upper
panel of (c), which is 2.5 to 3.5 pm away from the tip, was measured and plotted over time. Meanwhile, the turning angle of the pollen tube was
measured and plotted overtime. (f) Schematic depiction of the relationship between apical actin filaments and ADF10 during AtLURE1.2-
induced pollen tube turning. At the initial stage, apical actin filaments appear similar on both sides, and ADF10 exhibits a uniform distribution
(1). Prior to the onset of pollen tube turning (Il and Ill), ADF10 begins to accumulate at the leading side (IV), resulting in the depolymerization of
actin filaments there. Subsequently, repolymerization of apical actin filaments mediated by formins from plasma membrane occurs at the
leading side and a new apical actin structure forms, determining the new growth direction of the pollen tube (lll). Once the turn is completed,
ADF10 returns to a uniform distribution on both sides of the pollen tube tip. Subsequently, the pollen tube grows straight towards the new
direction. "+" and "-" refer to the barbed end and pointed end of actin filament, respectively.
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Discussion

For the first time, the dynamics of actin filaments in pollen
tubes responding to AtLURETs signaling during their guided
growth were directly visualized using a semi-in vitro system.
The observations revealed that actin filaments undergo initial
rapid depolymerization at the leading side, followed by the
repolymerization from the plasma membrane to form a new
apical actin structure aligned with the growth direction. This
process facilitates the turning of the pollen tube. This require-
ment for rapid depolymerization of actin filaments at the leading
side for smooth turning is supported by data showing that
depleting ADF10 hinders this depolymerization, delaying the
reformation of the apical actin structure in the new direction
and impeding the turning of pollen tubes. These findings
suggest that the early rapid depolymerization of actin filaments
at the leading side is crucial for the reconstruction of the apical
actin structure in the new growth direction, a key cellular event
in the guided growth of pollen tubes.

During the reorientation of pollen tubes, an asymmetric
distribution of ADF10 was noticed, with a slight concentration
at the apical leading side before the tube turns (Fig. 4c—e). This
distribution pattern likely contributes to ADF10's role in rapidly
depolymerizing actin filaments at the leading side of the pollen
tube. Future characterization of the localization and function of
several ADF cofactors such as CAP11251 and AIP133648:49] within
this context, will further enhance our understanding of how
ADF-mediated actin depolymerization contributes to pollen
tube turning. Additionally, ADF10 at the leading side might be
locally activated by various factors to enhance its depolymeriz-
ing activity during turning. For instance, AtLURET1s signaling
could activate the membrane-anchored H*-ATPasel>0951], allow-
ing H* to be pumped outside, locally elevating the pH at the
subapex. This, in turn, might activate ADF10 to induce actin
depolymerization, given that ADF10 prefers a high pH for
depolymerizing actin filaments®®2. Furthermore, AtLURE1s
signaling might also stimulate Ca?* channels, increasing
cytosolic Ca2+ concentration, which could directly or indirectly
affect the actin-depolymerizing activity of ADF10. Previous
studies have shown that Ca2+ concentration increases at the
leading side during pollen tube turningf>3], and active calcium-
dependent protein kinase and Ca2+ channel CNGC18 relocalizes
to this region during reorientation(>455, Recent research also
indicates that the actin-depolymerizing activity of ADF7 is
enhanced by CDPK16-mediated phosphorylation®®l. Whether
ADF10 can be similarly activated by Ca2*/CDPK to promote
actin depolymerization during pollen tube reorientation
remains to be investigated.

The accumulation of actin filaments at the leading side of the
subapex might be partly due to increased actin polymerization
originating from the apical plasma membrane during the turn-
ing of adf10 pollen tubes. As membrane-derived actin polymer-
ization is controlled by membrane-localized formins2257], this
suggests that the activity of these formins might be asymmetri-
cally activated in response to upstream AtLURE1s signaling.
Formins might redistribute asymmetrically, concentrating at
the leading side before pollen tube reorientation. This specu-
lation is inspired by observations showing asymmetric distri-
bution of PRK6 during AtLURE1s signaling perception®. In
support of this hypothesis, it was found that AtFH5 exhibits
slight redistribution on the plasma membrane toward the
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future growth direction (Supplemental Fig. S5). Additionally,
the actin nucleation activity of membrane-localized formins at
the leading side might be enhanced after perceiving AtLURE1s
signaling for unknown reasons. Moreover, an increase in
cytosolic Ca2+ concentration likely enhances the actin seques-
tering activity of profilin as demonstrated previously!>8, which
promotes the formation of profilin/actin complexes at the lead-
ing side of the pollen tube tip. This, in turn, should favor the
activity of membrane-localized formins in nucleating actin
assembly, as proposed previously!'¥, The combination of these
factors likely enforces actin polymerization from the membrane
at the leading side of the pollen tube, facilitating the formation
of a new apical actin structure.

Based on the present findings, it is proposed that the depoly-
merization and subsequent gradual reassembly of actin fila-
ments at the leading side enable the reconstruction of the
apical actin structure, facilitating the turning of pollen tubes
(Fig. 4f). Successful turning of pollen tubes relies on the delivery
of materials necessary for cell wall synthesis and membrane
expansion to the future expanding point. The formation of a
new apical actin structure guides the vesicle traffic system to
deliver these materials to the expanding point of the pollen
tube, facilitating its turning. In support of this hypothesis, previ-
ous studies have demonstrated that PRK6, active ROP1, and
exocytic vesicles relocate to the intended expansion point of
the pollen tube before it turnsi>9-61), Consistently, exocytosis
was shown to play an essential role in the guided growth of
pollen tubes in response to external cuesl'3. Hence, from the
point of this perspective, the guidance of pollen tube is a result
of the reorientation of intracellular deliver system that controls
pollen tube tip growth. Within this framework, the reconstruc-
tion of apical actin structure is an early event to guarantee the
redistribution of intracellular trafficking system and successful
turning of pollen tubes.
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