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Abstract

Pollen tube growth entails complex molecular interactions between the cytoskeletal appa-
ratus and membrane trafficking. Tip growth involves polarized distribution of proteins
and lipids along the plasma membrane, including liquid-ordered microdomains, rich in
sterols and sphingolipids (lipid rafts), in the apical/subapical region of tobacco pollen tubes.
Intriguingly, biochemical characterization of detergent-insoluble membranes purified from
tobacco pollen tubes revealed the presence of both actin and tubulin. Here, we report that
inhibition of sterol biosynthesis altered lipid rafts and lowered the association of tubulin
with detergent-insoluble membranes. Our results showed that sterol depletion increased
the number of microtubules in the subapical region, altered microtubule distribution and
affected microtubule bundling activity. Oryzalin washout experiments also suggested that
lipid-ordered domains could play a role in regulating microtubule nucleation/regrowth.

Keywords: pollen tube; microtubules; sterols; lipid rafts

1. Introduction

Pollen tubes are safe routes to convey sperm cells to the embryo sac for double
fertilization. The efficiency of pollen tube growth is therefore a key issue for sexual
reproduction in higher plants and for improving the genetic variability of species [1,2].
Pollen tube tip growth exploits complex molecular interactions to couple the polarized
distribution of proteins and lipids along the plasma membrane (PM) with cytoskeleton
dynamics and polarized exocytosis [3-5].

In the last 20 years, our understanding of the complexity of the PM has increased
with the revision of the mosaic fluid model [6]. The revised model involves membrane
nano- or micro-domains, enriched in sterols and sphingolipids (lipid rafts or liquid-ordered
domains—Lo), which alternate with more fluid liquid-disordered domains (Ld) [7-11].
Lipid rafts give the PM a higher order of complexity, confining certain proteins preferentially
in Lo domains as opposed to Ld domains, and thus helping compartmentalize different
signaling pathways [12,13] and regulate polarized secretion [14,15].
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Close lateral associations between sterols, sphingolipids and highly saturated phos-
pholipids are the basis of the lipid raft purification strategy, which entails the non-ionic
detergent insolubility of lipid rafts at low temperature [9,16-19]. It is therefore possible
to isolate detergent-insoluble membranes (DIMs/lipid rafts) from different types of plant
cells, including tobacco pollen tubes [20-23]. Biochemical characterization of DIMs and
protein analysis by mass spectrometry has shown actin and tubulin in DIMs isolated from
tobacco pollen tubes [23].

In pollen tubes, organelles and vesicles move by reverse-fountain cytoplasmic stream-
ing along bundles of actin filaments (AFs), which extend in the cytoplasm up to about
10 pm from the apical PM [24-26]. Near the tip, cytoplasmic streaming ceases and the actin
re-organizes to form an actin fringe, made up of short dynamic AFs, in the apex [27-29].
Actin fringe dynamics rely on a tip-localized signaling pathway involving ROP1, a member
of the Rho-related small GTPase protein family. ROP1 and ROP-Interactive Crib motif-
containing proteins (RIC1, 3, and 4), which couple Ca2+ fluxes with actin fringe dynamics
and with polarized exocytosis [30-34], require integral lipid raft nanodomains [15,35,36].

Recent data showed that ROPs also regulate MT organization, acting on Interactor
of Constitutive active ROP (ICR) partners [37,38]. The pollen tubes of angiosperms have
an extensive system of microtubules (MTs), mainly localized in the cortex [39,40]. Several
studies demonstrate that the integrity of the MT cytoskeleton is necessary to regulate
vacuole positioning and entrance of the male germ unit into the tube [41,42]. More recent
time-lapse experiments show that MTs control endocytosis in the tip region and trafficking
of endocytic vesicles/endosomes to vacuoles [40,43,44].

Microtubules are polymers made up of «-/3-tubulin heterodimers that bind head-to-
tail to form protofilaments; classically, 13 protofilaments associate laterally to form close,
hollow tubes [45,46]. Microtubule polymers have dynamic instability, undergoing polymer-
ization/depolymerization cycles [47-49], which depends on the particular composition of
a- and B-tubulin isoforms [50,51] and their post-translational modifications [52,53]. These
intrinsic properties of MTs modulate MT nucleation and bundling [54-58] and regulate MT
interactions with the PM [59-62].

Despite these emerging insights into the role of MTs in membrane trafficking, little
is known about the factors regulating the origin and geometry of the MT apparatus in
pollen tubes [43]. Ultrastructural observations on Nicotiana alata pollen tubes after rapid
freeze fixation and substitution have revealed close relationships between the cortical
cytoskeleton and the PM. This cortical network comprised AFs, elements of endoplasmic
reticulum and MTs that appeared to be extensively linked to the PM [63]. More recent
studies identified two MT-binding polypeptides involved in cross-bridging cortical MTs to
the PM in Nicotiana tabacum pollen tubes [64]. These structural connections suggest that
the interaction of MTs with the PM could play a role in regulating MT organization; in this
view, the lipid profile of the PM could play a role in regulating MT/PM contacts.

The presence of tubulin in DIMs, together with the localization of more dynamic MTs
in the apex and shank [40], which parallels the polarized distribution of sterols and Lo
domains in the PM [23], prompted us to investigate the contribution of lipid rafts to the
organization of cortical MTs in growing pollen tubes of tobacco. As sterols are major factors
for lipid partitioning [16,17,65,66] and for maintaining the integrity of lipid rafts [67], we
designed an experimental approach involving inhibition of sterol biosynthesis.

We found that sterol depletion affected the association of tubulin with isolated DIMs,
as well as the organization and recovery of MTs in oryzalin washout experiments in tobacco
pollen tubes. Our results suggest that lipid rafts could be new actors in the complex mosaic
of relationships that coordinate the nucleation, bundling and stability of MTs during pollen
tube growth.
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2. Results
2.1. Squalestatin Affects Sterol Biosynthesis and Delays Pollen Tube Emission

Squalestatin (Sq) has been widely employed to study the role of sterols and lipid rafts
in evolutionarily distant cells such as neurons and pollen tubes [68-70]. It inhibits the
enzyme squalene synthase that catalyzes the first reaction of the mevalonate-isoprenoid
pathway, exclusively concerned with sterol biosynthesis, without affecting the production of
farnesyl diphosphate involved in protein isoprenylation [71], which regulates the function
of small GTPases of the RAS/RHO family [72-74].

To verify the effect of Sq on sterol biosynthesis in tobacco pollen tubes, variations in
sterol content were assessed as differences in the sterol/protein ratio in microsomes (P2,
see below) isolated from pollen tubes grown in control medium and with 0.5 or 1 uM Sq
for 3 and 5 h. A significant decrease in total sterols was observed in microsomes purified
from pollen tubes grown in with 1 uM Sq for 3 and 5 h (Figure 1a,b, respectively).

No reduction in total sterols was observed when pollen tubes were grown with 0.5 uM
Sq for the same times (Figure 1a,b), suggesting that 0.5 uM Sq was not sufficient to inhibit
squalene synthase in tobacco pollen tubes, even at long incubation times. As the total sterol
content decreased after incubation for 3 h with 1 uM Sq, these conditions were used in
further experiments.

Recent studies showed changes in the lipid profile during pollen maturation in dif-
ferent angiosperms [69]; metabolomic analysis identified eight metabolic phases during
tobacco pollen development and pollen tube growth [75]. During pollen germination
and pollen tube growth, de novo synthesis of cycloeucalenol and an unidentified M 412
sterol was described [69-75]. To investigate the effect of Sq on cycloeucalenol, microsomes
purified from control and treated pollen tubes were analyzed by GC-MS, and showed that
the Sq treatment of pollen tubes decreased the amount of cycloeucalenol with respect to
the control (Figure 1c).

To test the effects of inhibition of cycloeucalenol biosynthesis on pollen tube growth,
pollen tube elongation was tracked in control and treated pollen tubes. Pollen tubes grown
with 1 uM Sq for 3 h (Figures 1d and S1A(a,b)) and 5 h (Figure S1B(a—c)) were significantly
shorter than controls in three different experiments.

However, the pollen tubes did not show evident alterations in morphology
(Figure S1A(a,b),B(b,c)). This observation suggests that the choice of inhibitor and its
concentration did not induce tip swelling or depolarized growth [15,30,31], allowing for
longer, more accurate observations.

In a previous study, detailed analysis of tube growth dynamics revealed that Sq in-
duced a delay in tip distension without affecting the pollen tube growth rate [70]; therefore,
we postulated that the decrease in pollen tube length could be due to a delay in pollen
germination. To investigate this point, we performed in vitro germination assays. Tobacco
pollen was germinated with or without 1 uM Sq and samples were obtained after 1 h.
Specimens were observed by light microscopy for ungerminated pollen (U), pollen grains
with germination bulges (GBs), pollen with short tubes (STs, with a pollen tube length of
less than twice the pollen diameter) and germinated pollen (G, with a pollen tube length of
more than twice the pollen diameter) (Figures le and S1C(a,b)). The number of germinated
pollen grains (ST + G) under control conditions was significantly greater than in Sq-treated
samples after 1 h of incubation in three independent experiments (Figures 1f and S1C(a,b)).
Interestingly, the statistical analysis comparing U and GB revealed a significant increase in
GB in Sq samples compared to the control. These data suggest that sterol depletion, and
particularly the inhibition of cycloeucalenol biosynthesis, affected the early stages of pollen
tube emission, thus determining a general decrease in pollen tube length.
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Figure 1. Effect of squalestatin on sterol content, pollen germination and pollen tube length.
(a,b) Tobacco pollen was germinated with 0.5 and 1 uM Sq for 3 and 5 h. Sterol reduction was
observed in pollen tubes germinated for 3 and 5 h with 1 uM Sq (one-way ANOVA and post hoc
Tukey test, p = 0.02639 and p = 0.001125, respectively; n = 4), whereas 0.5 uM Sq did not inhibit
sterol biosynthesis (one-way ANOVA and post hoc Tukey test, p > 0.05; n = 4). (c) Further analysis
showed that 1 uM Sq inhibited de novo synthesis of cycloeucalenol after germination for 3 h (1 = 2).
(d) Pollen tube length measured by Image] software (version 2.9.0) after germination for 3 h decreased
in Sq-treated pollen tubes (Student’s {-test; in the three experiments shown in (d); in each experiment,
>110 pollen tubes were measured for each sample). (e-g) Germination assays were performed with
and without Sq. The number of ungerminated pollen grains (U), pollen with germination bulges
(GBs), short tubes (STs) or germinated tubes (Gs) were considered (e); scale bar = 50 um. After
germination for 1 h, the number of germinated pollen grains (ST + G) compared with ungerminated
(U + GB) was significantly lower in Sq-treated samples (f); chi-square test (p < 0.0001). The chi-square
test also showed that GB increased signicantly in the presence of Sq (g); chi-square test (p = 0.03).
The histograms show data pooled from three experiments. Capital letters in the histograms indicate
whether or not there are significant differences.

2.2. Sterol Depletion Affects Interaction Between Tubulin and Detergent-Insoluble Membranes

Although tubulin is a soluble protein, when tobacco pollen tubes are homogenized,
tubulin/tubulin oligomers or short MTs remain associated with cell membranes [23]. While
the nature of this association remains unclear, we postulated that changes in the lipid
profile could affect the interaction between tubulin/MTs and cell membranes.

To check whether treatment with Sq altered the amount of tubulin in pollen tubes,
pollen tube crude extracts underwent Western blotting using anti-«-tubulin monoclonal
antibody (Figure 2A).
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Figure 2. Tubulin partitioning between soluble and microsomal fractions, and between control and
Sq-DIMs. (A) Electrophoretic analysis of crude extracts did not show any difference in polypeptide
profile (crude extract, Coomassie blue-stained SDS-PAGE; 10 ug protein in each lane) between control
and Sq-treated pollen tubes. Western blot of control and Sq-treated pollen tube crude extracts using
a monoclonal anti-a-tubulin antibody (Anti-aTub) showed a similar amount of tubulin in the two
samples ((a) Student’s -test, p > 0.05; n = 5). (B) Electrophoretic analysis of microsomal (P2) and
soluble fractions (S2) from pollen tubes grown with or without Sq did not show any differences
in electrophoretic profile between control and Sq-treated samples (P2/52, Coomassie blue-stained
SDS-PAGE; 10 ug protein in each lane). Western blot analysis of P2/S2 samples from control and
Sq-treated pollen tubes using a monoclonal anti-a-tubulin antibody showed that Sq depletion did
not alter tubulin partitioning between P2 and S2 ((a) Student’s t-test, p > 0.05; n = 8). Detergent-
insoluble membranes (DIMs) purified from control and Sq-grown pollen tubes showed differences
in electrophoretic profile (see black arrows) (DIMs, silver-stained SDS-PAGE; 5 ug of protein in
each lane). Western blot analysis of control and Sq-grown DIMs using a monoclonal anti-x-tubulin
antibody revealed a significantly lower amount of tubulin associated with Sq-DIMs than control
DIMs ((b) Student’s t-test; n = 4). Capital letters in the histograms indicate whether or not there are
significant differences.
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Quantitative analysis of Western blots from five experiments revealed that Sq did not
change the total amount of tubulin in Sq-treated pollen tubes with respect to the control
(Figure 2A(a)).

To investigate whether the sterol content influenced the interaction of tubulin/MTs
with cell membranes, we performed cell fractionation to separate microsomes (P2) from
soluble proteins (S2) in control and Sq-treated pollen tubes. The electrophoretic profiles
of P2 and S2 obtained from six independent fractionation experiments did not show
any difference between control and Sg-treated pollen tube fractions (Figure 2B, gel P2-
52), suggesting that incubation for 3 h with 1 uM Sq did not dramatically affect protein
partitioning. In addition, quantitative analysis of Western blots using the anti-a-tubulin
monoclonal antibody did not show modifications in tubulin partitioning between the
fractions (Figure 2B(a)).

To study whether 1 uM Sq affected the integrity of lipid rafts or the interaction of
tubulin/MTs with these specific microdomains, DIMs were purified from tobacco pollen
tubes grown with or without Sq. In control and Sq-Optiprep gradients, a floating band
of DIMs was observed at the interface between 15% and 30% Optiprep; however, sterol
reduction altered the pattern of floating DIMs, since in control gradients, DIMs appeared
as thin corpuscles (Figure S2A, control), whereas the floating band obtained from Sq-
treated pollen tubes appeared as filamentous/lamellar material (Figure S2A, squalestatin),
suggesting that sterol depletion determines structural changes in DIMs. The electrophoretic
profiles of fractions derived from the Optiprep gradients showed DIMs in fractions 5-7 in
both cases (Figure S2B, brackets; compare control and squalestatin in Optiprep gradients;
see also [23]).

Conversely, changes in the electrophoretic profile between control and Sq samples
were observed in other regions of the Optiprep gradients (Figure S2B). Changes in the
distribution of polypeptides along the Sq gradient, with respect to the control, suggest that
sterol depletion could generally alter the sensitivity of pollen tube membranes to detergent,
leading to changes in membrane-associated polypeptides and to an altered polypeptide
distribution along the Optiprep gradient. On the other hand, although DIMs floated as
a single band at the interface between 15% and 30% in the Optiprep density gradient
of the control and Sq-treated samples, changes in the patterns of floating material and
polypeptides suggested alteration of DIMs due to Sq.

To clarify to what extent the decrease in sterols altered the integrity of DIMs, control
and Sq-DIM polypeptides were separated by SDS-PAGE and their electrophoretic profiles
were compared (Figure 2B, gel control and Sq-DIMs). The amount of four polypeptides
with a molecular mass between 80 and 70 kDa also decreased in Sq-DIMs with respect to
the control (Figure 2B, black arrows).

While the results of the P2/S2 analysis did not reveal significant differences in P2/S2
tubulin partitioning between control and Sq samples, we cannot exclude that Sq influenced
the interaction of tubulin/MTs with DIMs. DIMs isolated from control and Sqg-treated
pollen tubes were analyzed by Western blot using a monoclonal antibody against x-tubulin.
Quantification and statistical analysis showed that the content of tubulin associated with
control DIMs was significantly higher than that associated with Sq-DIMs (Figure 2B(b)).
These results suggest that the large amount of tubulin in soluble (S2) and microsomal
(P2) fractions masked significant differences in the tubulin content in specific membrane
domains like lipid rafts.
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2.3. Squalestatin Induced Changes in Microtubule Distribution Pattern

To explore the relationship between changes in the association between tubulin/MTs
and DIMs and the organization of MTs, we studied the MT distribution pattern in control
and Sq-treated pollen tubes by indirect immunofluorescence and confocal microscopy.
Whole reconstructions (WRs) of control pollen tubes showed that MTs were organized
in long bundles in distal regions (up to about 40 um from the apical PM) (Figure 3a,
white arrows).

Short, randomly oriented MTs/MT bundles were detected in the shank (5 pm to 40 pm
from the apical PM) (Figure 3a, yellow arrows) and in the apex (5 pm from the apical PM)
(Figure 3a, blue arrows). Observation of medial planes revealed short MTs/MT bundles
in the cortical regions of the shank and apex (Figure 3b, white arrows), but only rare MT
fragments or puncta in the cytoplasmic regions of the shank and tip, respectively (Figure 3b,
white asterisks). In the distal regions, observation of medial planes revealed the most MTs
in the cortex, and only some short MTs in the cytoplasm (Figure 3c, white arrows).

In pollen tubes grown for 3 h with Sq, MTs organized as long bundles in the distal
regions as in control pollen tubes (Figure 3d, WR, white arrows). Microtubule structures in
the shank and apical regions appeared thinner than in controls (Figure 3d, yellow and blue
arrows, respectively), suggesting the presence of MT bundles with smaller diameters or
single MTs (see below). Moreover, in contrast to controls, cytoplasmic MTs/MT bundles
were observed in most Sq-treated pollen tubes (Figure 3e, yellow and white asterisks). In
particular, cytoplasmic MTs in the shank sometimes crossed or branched from each other
(Figure 3e, white asterisks). Cytoplasmic MTs in the apex appeared shorter than in the
shank and likewise showed branching or crossing (Figure 3e, yellow asterisk). In pollen
tubes treated with Sq, the observation of medial planes in distal regions revealed that, like
in the controls, most MTs were located in the cortex (Figure 3f, P). Only a few MTs were
observed in the cytoplasm (Figure 3f, white arrows).

To analyze the differences in the content of MTs in different regions of control and Sq-
treated pollen tubes, three regions of interest (ROIs) were considered for analysis in the tip,
shank and distal regions (yellow, white and blue ROIs, indicated as 1, 2 and 3, respectively;
Figure 3g). The percentage volume occupied by MTs in each ROI was determined using
Volocity® software (PerkinElmer Inc., Shelton CT, USA). Statistical analysis using two-way
ANOVA showed that the percentage volume occupied by total MTs in ROI1-3 was not
significantly different in control and Sg-treated pollen tubes (Figure 3h). Moreover, the
histogram shows an increasing trend of MT content in all ROIs of Sq samples compared to
the control.

Observations of medial planes suggested a greater number of cytoplasmic MTs in the
shank of Sq-treated pollen tubes than in controls. Mean fluorescence intensity in the central
stacks of the shank (Figure S3, yellow ROI) showed significantly higher mean values of
fluorescence in Sg-treated than control pollen tubes (Figure S3(a—c)), confirming a higher
number of cytoplasmic MTs in the shank of Sg-treated pollen tubes.
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Figure 3. Immunolocalization of microtubules in control and squalestatin-treated pollen tubes.
(a—c) In control pollen tubes, whole reconstructions (WRs) of the cell showed that MTs were arranged
in long longitudinal bundles in the distal region ((a), white arrows). In the shank and tip regions,
randomly oriented short MTs/MT bundles were observed ((a), yellow and blue arrows, respectively).
Careful observation of medial planes ((b,c); MPs) revealed that, in control pollen tubes, most MTs
localized in the cortex of tip/shank and distal regions ((b,c), respectively; white arrows), while only
very short MT segments or puncta were visible in the tip/shank cytoplasm ((b), asterisks). In the
distal region, rare cytoplasmic MTs were observed ((c), red arrows). (d—f) In squalestatin-treated
pollen tubes, long MT bundles were detected in the distal regions ((d), white arrows; WRs). A dense
network of MTs was observed in the tip/shank ((d), yellow and blue arrows, respectively). In the
shank, MTs appeared to be quite long ((d), yellow arrow), whereas in the tip region, they were
short ((d), blue arrow). Microtubules were detected in the generative cell ((d), GC). Medial plane
observations revealed quite long cytoplasmic MTs in the shank ((e), white asterisk; MP) and short MT
segments in the tip ((e), yellow asterisk). Many cytoplasmic MTs were observed in the distal region
(f), white arrows). (g,h). Quantification of MTs in ROI 1-3 (g) did not show any differences in the
amount of total MTs in the tip, shank and distal regions of control and Sq-treated pollen tubes ((h),
ROI1-ROI3, two-way ANOVA and post hoc Tukey test, p > 0.05). Scale bar = 10 pum.
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2.4. Sterol Depletion Influences the Bundling Activity of Cortical Microtubules in the Apical and
Subapical Regions of Pollen Tubes

Immunofluorescence observations suggested that microtubular structures could have
smaller width in Sg-treated pollen tubes than in control cells (Figure 3), suggesting that
membrane modification affects the ability of MTs to form bundles. To investigate in more
detail the bundling ability of cortical MTs, single-molecule localization microscopy (SMLM)
experiments were performed in control and sterol-depleted pollen tubes. Cortical MTs were
visualized in the apical and subapical regions by indirect immunofluorescence microscopy,
as described in the Materials and Methods section.

Images of control and Sq-treated pollen tubes from three independent experiments
(Figure 4A(a—d) and Figure 4A(e-h), respectively) allowed us to analyze 1863 and
4921 microtubule structures in the apex and subapex (Figure 4B, indicated as tubules).
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Figure 4. Super-resolution microscopy. (A) Cortical microtubule structures (here referred as tubules)
observed by super-resolution microscopy in the apical-subapical regions of control pollen tubes
(a—d) appeared thicker than those observed in the same regions of Sq-treated pollen tubes (e-h).
(B) Width, fluorescence intensity ((a,b) control; (c,d) Sq) and histograms (e,f) of skeletonized tubules
revealed that tubules were significantly thinner in Sqg-treated pollen tubes than in controls ((e),
Kruskal-Wallis test, p < 0.0001). Accordingly, the fluorescence intensity of control tubules was higher
than that of Sq tubules ((f), Kruskal-Wallis test, p < 0.0001). Scale bar = 10 um.
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Tubules detected in control cells were considerably thicker (Figure 4B(a,b)) than
those in sterol-depleted cells (Figure 4B(c,d)). The distribution of tubule widths showed
clearly that pollen tubes with depleted sterols and altered DIMs had significantly more
single MTs (25 nm width) and a higher probability of MT bundles of reduced width than
controls (Figure 4B(e)). Consistently, analysis of the distribution of tubule fluorescence
intensity revealed significantly higher fluorescence in control than in Sq-treated tubules,
corroborating the presence of thicker MT bundles in controls than in Sg-treated pollen
tubes (Figure 4B(f)).

These findings suggest that changes in membrane lipid composition, particularly
alteration of Lo domains, mostly localized in the apical and subapical PM [23], affect the
bundling ability of cortical MTs.

2.5. Oryzalin Washout Experiments

Immunofluorescence experiments revealed a higher content of MTs in the shank of
Sg-treated pollen tubes than in controls. This difference could depend on changes in
microtubule dynamics and/or on altered nucleation activity. To investigate the latter
hypothesis, we performed MT recovery experiments after depolymerization in control and
sterol-depleted cells.

Control and Sqg-treated pollen tubes were incubated for 5 min with 0.5 uM oryzalin, a
strong MT-depolymerizing drug, and aliquots of both samples were processed for indirect
immunofluorescence (Figure 5a,f; Co/Sq T0). Oryzalin was immediately washed out and
samples were incubated with oryzalin-free medium for a further 5 min to allow for MT
recovery (Figure 5b—j, Co/Sq T1).

Oryzalin dramatically affected MT polymerization in the tip and shank of control
and Sq-treated pollen tubes after 5 min of incubation (Figure 5a,f; T0). Most cells showed
very short MT fragments or puncta in the tip and shank (Figure 5a,f; white arrows and
arrowheads, respectively); only a few pollen tubes did not show any MT staining in the
apex or shank. On the other hand, in the distal region of pollen tubes grown with or
without Sq, microtubules sometimes persisted, albeit fragmented (Figure 5a,f; yellow
arrows). These observations suggest that MT bundles were more stable in these areas and
therefore less susceptible to the depolymerizing effect of oryzalin. We therefore focused our
attention on MT recovery in the apex and shank. Quantification analysis showed that the
percentage volume occupied by MTs at T0 in the tip and shank (Figure 5b, yellow and blue
ROISs, respectively) was not significantly different in control and Sq-grown pollen tubes
(Figure 5m,n).

After oryzalin washout, i.e., at T1, different degrees of MT recovery were observed
in the tip and shank of control and squalestatin pollen tubes (Figure 5b,d,m,n). In Sq-
grown pollen tubes at T1 (Figure 5g—j,n), only short MT fragments were observed in the
shank and sometimes in the tip (Figure 5g,i, WR; white arrow and arrowhead, respec-
tively). Comparison of MT recovery in control and Sg-treated pollen tubes revealed that
MT nucleation/regrowth in control cells was significantly more efficient than in Sq cells
(Figure 5m,n). Observation of medial planes of control pollen tubes showed short cytoplas-
mic MTs (Figure 5c,e) whereas in Sq-treated pollen tubes, only tubulin puncta were visible
in the cytoplasmic region (Figure 5h,j MP white arrows; Figure S4a,b, yellow arrows).

To analyze in more detail the recovery of cytoplasmic MTs in control and Sqg-treated
pollen tubes, fluorescence intensity was measured in the medial planes of the shank and
tip at T1 (Figure S4a, yellow and blue ROISs, respectively). The recovery of cytoplasmic
MTs in the shank was faster than in the tip in both control and Sqg-treated pollen tubes
(Figure S4c). In terms of tip/shank fluorescence ratio, the recovery of cytoplasmic MTs was
more efficient in control than in Sq-treated cells (Figure S4d).
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Figure 5. Oryzalin washout. Oryzalin-depolymerized MTs in control and Sqg-treated vegetative cells
(a,f). Quantitative analysis at TO showed that the amount of residual MTs after the oryzalin treatment
was not significantly different in the tip ((b), yellow ROI) and shank ((b), blue ROI) in control and
Sq-treated pollen tubes ((m,n); TO; two-way ANOVA and post hoc Tukey test, p > 0.05; n > 22). Five
minutes after oryzalin washout, MTs were observed more frequently in the shank than in the tip
of whole reconstructed control pollen tubes ((b,d); T1 WR); however, quantitative analysis did not
show any significant difference in the amount of MTs recovered from the tip and shank ((m), Co T1;
two-way ANOVA and post hoc Tukey test, p > 0.05; n > 31). Furthermore, observation of medial
planes showed that MT recovery at T1 occurred in the cortex rather than in the cytoplasmic regions of
control pollen tubes ((c,e); T1 MP). Quantitative analysis showed that MT recovery was significantly
faster in control samples compared to squalestatinl (T1 (g—j); Two-way ANOVA and post hoc Tukey
test, p < 0.0001). Scale bar = 10 um. Capital letters in the histograms indicate whether or not there are
significant differences.

Overall, these data support the hypothesis that alteration of lipid rafts affects the
activity of the molecular machinery controlling the nucleation/regrowth of cortical as well
as cytoplasmic MTs.

2.6. Post-Translational Modification of Tubulins

The increasing trend in the total MT content in Sq-treated pollen tubes and the signifi-
cant increase in cytoplasmic MTs in the shank may be related to a decrease in MT dynamics.
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Long-lived MTs are ideal substrates for tubulin post-translational modifications, such as
tubulin glutamylation, detyrosination and acetylation, which, in turn, further stabilize
tubulin polymers [62,76].

The glutamylation, tyrosination and acetylation status of tubulin was investigated
by Western blot analysis using anti-glutamylated, anti-tyrosinated and anti-acetylated
tubulin monoclonal antibodies on crude extracts of pollen tubes, grown with or without
Sq. As already reported in Figure 2, no difference in the electrophoretic pattern (Figure 24,
SDS-PAGE) or in the total tubulin of crude extracts from control and Sq-treated samples
was observed (Figure 2A, Western blotting of anti-atub; a). On the contrary, the amount of
glutamylated x-tubulin (Figure 6; compare the migrations of glutamylated tubulin and o/ 3-
tubulins) significantly increased compared to the control in crude extracts of pollen tubes
incubated with Sq (Figure 6A; Western blotting of anti-glutamyl tubulin and histogram).

To observe the distribution of glutamylated tubulin on MTs in different regions of
pollen tubes, double immunofluorescence experiments were performed on control and
Sg-treated pollen tubes using the polyclonal antibody anti-«-tubulin and the monoclonal
antibody anti-glutamylated tubulin. The fluorescence intensity of glutamylated tubulin
was measured in the tip and shank of both samples (Figure 6B(a—d); yellow and blue ROIs,
respectively). Statistical analysis showed a significant increase in glutamylated tubulin in
the shank of Sg-treated samples compared to the tip (Figure 6B(e)). Although an increasing
trend of tubulin glutamylation was observed between the control and Sqg-treated samples,
this difference was not significant (Figure 6B(e)).

To test whether this increase in glutamylated tubulin also reflected an increase in the
ratio of glutamylated MTs to total MTs in the shank of Sq-treated samples compared to
the tip, we performed 3D colocalization analysis (BiopJACoP, Image] software), taking
Manders coefficients M1 (anti-glutamylated tubulin) and M2 (anti-xtubulin) into account.
Manders coefficient M1 increased significantly in Sg-treated pollen tubes compared to the
control (Figure 6B(f), yellow and blue ROIs for tip and shank, respectively), indicating a
greater amount of glutamylated tubulin in MTs. M2 values showed no difference between
control and Sq-treated pollen tubes (Figure 6B(a—d,f)).

Western blot experiments on crude extracts from control and Sq-treated pollen tubes
using anti-tyrosinated tubulin antibodies showed that tyrosinated tubulin significantly
decreased in cells grown with Sq (Figure 7A, histogram).

Double immunofluorescence experiments were carried out using rabbit anti-«-tubulin
polyclonal antibody and anti-tyrosinated tubulin monoclonal antibody. Quantification of
mean fluorescence intensity in the tip and shank of both samples (Figure 7B(a—d); yellow
and blue ROIs, respectively) confirmed that tyrosinated tubulin decreased significantly in
the tip and shank of pollen tubes grown with Sq compared to control (Figure 7B(e)).

To investigate whether the decrease in tyrosinated tubulin also reflected changes in the
ratio of tyrosinated MTs to total MTs, we performed 3D colocalization analysis with Man-
ders coefficients M1 (anti- tyrosinated tubulin) and M2 (anti-atubulin) (plug in BiopJACoP,
Image] software; Figure 7B(a—d); yellow and blue ROIs for tip and shank, respectively).
Although tyrosinated tubulin decreased in Sg-treated pollen tubes, a significantly higher
fraction of the remaining tyrosinated tubulin colocalized with tip and shank MTs (Figure 7f;
compare M1 values in Co and Sq samples). Moreover, statistical analysis of M2 values
showed a significant difference in tyrosinated tubulin between control and Sq-treated pollen
tubes (Figure 7B(f)), suggesting that the ratio of tyrosinated to total MTs decreased, and
that sterol depletion indeed promotes MT stability by improving tubulin detyrosination.

Western blot analysis and immunofluorescence using anti-acetylated tubulin antibody
did not reveal the presence of acetylated tubulin in control and Sqg-treated samples.
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Figure 6. Glutamylated tubulin. (A) SDS-PAGE did not show differences in the polypeptide profile
of control and Sqg-treated pollen tubes. Western blot analysis revealed similar levels of total o- and
B-tubulin in the two samples. On the contrary, the amount of glutamylated o-tubulin increased sig-
nificantly in crude extracts of Sq-grown pollen tubes with respect to control (Western and histogram;
Student’s t-test, p< 0.001; n = 6; The identified band is indicated by the asterisk). (B) Immunoflu-
orescence microscopy showed glutamylated tubulin in the apical, subapical and distal regions of
tobacco pollen tubes of control (a,b) and Sq-treated cells (c,d). Analysis of anti-glutamylated tubulin
fluorescence intensity (ImageJ, multi-measure option on z-stacks) revealed that glutamylated tubulin
in the tip and shank was similar in control and Sq-treated cells (yellow and blue ROIs, (e); two-way
ANOVA and post hoc Tukey test, p > 0.05; n > 21). On the contrary, a significant difference was
observed between the tip and shank in Sq samples (yellow and blue ROIs, (e); two-way ANOVA and
post hoc Tukey test, ** p = 0.003535; n > 21). Colocalization analysis, considering Manders coefficient
M2, showed that the fraction of glutamylated MTs did not change between control and Sg-treated
pollen tubes ((f); two-way ANOVA and post hoc Tukey test, p > 0.05), whereas Manders coefficient
M1 increased significantly in Sq-treated pollen tubes with respect to control ((f); two-way ANOVA
and post hoc Tukey test, p = 0.013). Scale bar = 10 um. Capital letters in the histograms indicate
whether or not there are significant differences.
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Figure 7. Tyrosinated tubulin. (A) The amount of tyrosinated «-tubulin decreased significantly
in crude extracts of Sq-grown pollen tubes with respect to controls (Western blot and histogram;
Student’s t-test, p < 0.05; nn = 4). (B) Immunofluorescence microscopy showed tyrosinated tubulin
in the apical, subapical and distal regions of control pollen tubes (a,b). In Sq-treated cells (c,d),
the staining of tyrosinated tubulin decreased along the pollen tubes. In particular, anti-tyrosinated
tubulin fluorescence intensity (ImageJ, multi-measure option on z-stacks) revealed that tyrosinated
tubulin was significantly lower in the tip and shank (yellow and blue ROIs, respectively) of Sq-
treated cells than controls ((e), histogram; two-way ANOVA and post hoc Tukey test, p = 0.01182
and p = 0.01564 for tip and shank, respectively; n > 36). Colocalization analysis, considering the
Manders coefficient M2, showed that the fraction of tyrosinated MTs decreased significantly in the
tip and shank of Sg-treated pollen tubes with respect to controls ((f); two-way ANOVA and post
hoc Tukey test, p < 0.0001), whereas Manders coefficient M1 increased significantly with respect to
control ((f); two-way ANOVA and post hoc Tukey test, p < 0.0001). Scale bar = 10 pm. Capital letters
in the histograms indicate whether or not there are significant differences.

3. Discussion

Various reports show actin and tubulin in DIMs purified from animal and somatic
plant cells [20,21,77-79]. The interaction between DIMs and the cortical cytoskeleton
contributes to lipid raft clustering and cytoskeleton dynamics [80-85].

A previous study showed an association of tubulin and actin with DIMs purified from
tobacco pollen tubes [23], and that the alteration of lipid rafts affected the morphology
and dynamics of the actin fringe [70]. Here, we report the effects of sterol depletion on the
organization of MTs in the pollen tubes of Nicotiana tabacum. Inhibition of sterol biosynthesis
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affected the integrity of DIMs, altering their polypeptide profile and reducing the amount
of DIM-associated tubulin. The increase in cytoplasmic MTs in the shank and the alteration
of cortical MT bundling capacity in the apical and subapical regions of Sq-treated pollen
tubes supported the concept that lipid rafts are involved in mediating the interaction of
cortical MTs with the PM, and in regulating MT nucleation/regrowth and stability.

3.1. Inhibition of Sterol Biosynthesis Delays Pollen Germination

In different cell types, sterols are necessary for the assembly of lipid rafts and treat-
ments affecting sterol biosynthesis influence the integrity of DIMs [67,86]. In a previous
study, we showed that the treatment of tobacco pollen tubes with high concentrations of
methyl-f-cyclodestrin (MBCD), which removes sterols from the PM, altered DIMs and
affected the distribution of Lo domains in the tubes [23]. Moreover, in fractionation ex-
periments, 16 mM MBCD influenced polypeptide distribution between the microsomal
and soluble fractions [23], suggesting dramatic effects on pollen tube membranes. Here,
treatment of pollen tubes with Sq allowed for finer modulation of the sterol biosynthetic
pathway without dramatically affecting the polypeptide profiles of the soluble and mi-
crosomal fractions (see below). In treated pollen tubes, squalestatin efficiently lowered
total sterols, particularly cycloeucalenol, and delayed pollen germination, suggesting that
the integrity of lipid raft microdomains could play a role in pollen tube emission. In rice,
Han et al. [36] reported that sterol-enriched microdomains coincided with pollen bulges,
further supporting the direct involvement of sterols in establishing the tube emission in
mature pollen.

Observations on the organization of MTs during the germination process are rare.
Immunofluorescence studies have shown an absence of MTs in the vegetative cell of non-
hydrated pollen of Pyrus communis. Microtubules only appeared in the vegetative cell after
hydration, where they formed a collar of short MTs at the base of emerging pollen tubes.
The authors ruled out a direct role of MTs in the germination process, suggesting their
indirect role in support of AF dynamics and organization [87].

It would be interesting to investigate the effect of sterol depletion on MT/actin organi-
zation in the early stages of pollen germination. We currently know that Sq has an effect on
sterol biosynthesis after 2 h of incubation [70], while sterol pattern analysis at shorter times
has not been carried out; these points could be a topic of future research.

3.2. Sterol Depletion Affects the Interaction of Tubulin with Pollen Tube Detergent-Insoluble
Membranes

Cell fractionation experiments in control and Sq-grown pollen tubes revealed that the
electrophoretic profile of soluble (S52) and microsomal fractions (P2) derived from control
and Sqg-treated pollen tubes did not show differences with SDS-PAGE, suggesting that
1 uM Sq did not dramatically alter the interaction of polypeptides with cell membranes.

On the other hand, DIM purification experiments from pollen tubes grown with
or without Sq showed differences in the polypeptide profiles of fractions derived from
control or Sq-Optiprep gradients, as well as from Sq-DIMs with respect to control DIMs,
supporting the idea that sterol depletion affected the integrity of lipid raft microdomains.
A previous study on the biochemical characterization of DIMs purified from tobacco pollen
tubes revealed polypeptides belonging to several protein classes, such as cytoskeletal
proteins and proteins involved in membrane trafficking and lipid metabolism [23]. In
the present study, we did not identify polypeptides that differed in quantity between
5q-DIMS and controls, and were therefore unable to postulate that one or more of these
pathways were affected by sterol depletion. Further experiments using MALDI TOF/MS
are necessary to identify altered polypeptides and will be performed in a future study. Here,
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we concentrated on the effect of sterol reduction on the relationship between tubulin/MTs
and DIMs.

Experiments with the Western blotting of soluble and microsomal fractions, using an
antibody against x-tubulin and quantitative analysis, showed that tubulin repartitioned
similarly between P2 and S2 in control and Sq-treated samples. On the other hand, Sq-DIMs
showed a significantly lower amount of tubulin than controls. As the total tubulin content
was not different in control and Sq-treated crude extracts, we postulated a redistribution of
tubulin between Lo and Ld domains in pollen tubes with altered lipid rafts.

Although the function of membrane-associated tubulin has not been investigated
in pollen tubes, studies of membrane trafficking have revealed that MTs interact with
endosomes/vacuoles in Nicotiana sylvestris and Nicotiana tabacum pollen tubes, regulating
vacuole positioning, the trafficking of endosomes and their fusion with vacuoles [40,44].
Moreover, MTs are known to participate in the biogenesis and function of a trans-Golgi
network subpopulation and in endoplasmic reticulum remodeling in somatic cells of
Arabidopsis thaliana [88-90]. The emerging functions of MTs in plant membrane trafficking
and the connections of cortical MTs with the PM [63,64] imply MT-membrane interactions,
so it is not surprising that tubulin partitions between P2 and S2 fractions on homogenization.
In particular, the association of tubulin/MT fragments with DIMs in tobacco pollen tubes,
despite the presence of Triton X100, indicates that tubulin could be intimately linked to
lipid rafts. We can imagine two different scenarios to explain the presence of tubulin in
DIMs: single tubulin dimers could interact with lipids rafts, the latter constituting a sort of
tubulin storage reserve; alternatively, or additionally, tubulin in DIMs could be derived
from interaction of cortical MTs with lipid rafts. This interaction could be direct or mediated
by still unidentified MAPs.

Sequence analysis of tubulins showed a few short hydrophobic domains in the dimers,
insufficient to justify transmembrane penetration [91]; however, if tubulin cannot pene-
trate the bilayer, it may be membrane-bound by lipid modifications. Palmitoylation of
o- and B-tubulin has been reported prior to the insertion of tubulin in the PM of animal
cells [92-94]. Membrane solubilization experiments with NP-40 have shown that part
of palmitoylated tubulin associates with membrane domains resistant to the action of
detergent in the neuronal PM [93,95]. These findings suggest that post-translational lipid
modification of tubulin might be responsible for anchoring single dimers and/or cortical
MTs to the PM. In any case, direct interaction between palmitoylated tubulin and lipid rafts
might not be the only type of interaction of cortical MTs with the PM, since MAPs could
also be necessary to mediate some of these connections. In the pollen tubes of tobacco,
two polypeptides with molecular masses of 161 kDa and 90 kDa have been identified
as putative MAPs, linking cortical MTs to the PM [64]. However, their solubilization by
zwitterionic detergents makes it unlikely that these polypeptides link cortical MTs to lipid
rafts; rather, they could be involved in the interaction of cortical MTs with Ld domains of
the PM [64]. In any case, we cannot exclude that sterol depletion in Ld domains influenced
the interaction of MTs with the PM.

3.3. Sterols Are Involved in Microtubule Organization

Altered tubulin content in lipid rafts of Sq-treated pollen tubes led us to postulate
that sterol depletion affected the organization of cortical MTs. In control pollen tubes, MTs
organized in longitudinal bundles in the distal region of the tube, while in the shank and
tip, short randomly oriented MTs were observed. Detailed observation of their distribution
revealed that MTs were generally distributed in the cortex of vegetative cells and only
rarely in the cytoplasm [39,40].
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In the present study, immunofluorescence experiments and quantitative analysis
showed a significant increase in cytoplasmic MTs in the shank of Sq-grown pollen tubes
with respect to controls, although the total MT content was not significantly higher. These
data suggest that the large amount of total MTs could mask the slightest variation in
cytoplasmic MTs.

The multiple functions of MTs in plant cell morphogenesis and mitosis require rapid
transition between an elongation phase and a shortening phase, a process defined as
dynamic instability [47]. The increase in cytoplasmic MTs in the shank of Sg-treated pollen
tubes could be derived from changes in the ratio of soluble tubulin to MTs, resulting in MT
elongation rather than shortening. Sterol-rich domains could possibly function as storage
sites for tubulin dimers and the alteration of these domains could release soluble tubulin,
altering the tubulin monomer/MT ratio, thereby favoring the elongation of pre-existing
MTs and/or the growth of new MTs during the severing-rescue nucleation process [96].
A recent study showed that CLASP (CLIP-associating protein) is involved in stabilizing
the severed ends of katanin-generated MT fragments, thus promoting MT growth in
Arabidopsis somatic cells [97]. Lindeboom et al. [97] hypothesized that CLASP could
favor the rescue of MTs; CLASP could help create cell microenvironments at severing sites,
where high concentrations of tubulin promote the growth rather than shrinkage of MTs [47].
The function of CLASP has not been characterized in pollen tubes; however, a fraction of
new MTs in the subapical region of pollen tubes could be derived from the severing of
pre-existing MTs, and the release of tubulin dimers from altered lipid rafts may enhance
the action of CLASP, leading to increased numbers of MTs in the shank.

An alternative hypothesis to explain the increase in cytoplasmic MTs in the shank
of Sg-treated pollen tubes could consider that the alteration of lipid rafts due to sterol
depletion [23,67,86] may affect interactions between cortical MTs and the PM, enabling
cortical MTs to explore the inner part of the cytoplasm. The observation of branched
cytoplasmic MTs suggests that cortex-released MTs could also promote branched MT
nucleation and/or severing—rescue nucleation processes, leading to a further increase in
MTs in this district [98,99].

The hypothesis that cytoplasmic MTs are derived from cortical MT detachment might
mean that lipid rafts could offer some anchoring points for MTs with the PM, as observed
in neurons [79,95,100,101].

We also have to consider that dynamic instability is not a stochastic process in eukary-
otic cells and that a number of MAPs modulate the nucleation and growth of MTs [102]. In
pollen tubes, data on the presence of MAPs almost exclusively concern putative kinesin-like
polypeptides involved in membrane trafficking [103-105]. We can therefore only make
suppositions to explain the role of hypothetical MAPs on the instability of MTs. Interactor of
constitutive active ROPS (ICRs), which seemed to be involved in root hair growth and MT
elongation by mediating ROP signaling pathways, were recently identified in somatic and
floral organs [106]. In the pollen tubes of tobacco, the localization of ROP1 in regions with
Lo domains and evidence that activation of ROP signaling pathways requires intact lipid
rafts [15,36] could be aspects worth investigating for insights into possible relationships
between ROP/ICR signaling pathways and MT dynamic instability in pollen tubes.

3.4. Sterol Depletion Affected the Bundling Capacity of Cortical MTs

Our single-molecule localization microscopy results indicated that the alteration of the
PM lipid composition affected the bundling activity of cortical MTs in apical and subapical
regions; thicker MT bundles were detected in control pollen tubes than in Sq-treated cells,
which, in turn, showed a greater number of single MTs.
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In general, the balance between single MTs and MT bundles might involve the equi-
librium between nucleation, stabilization and catastrophe. Bratman and Chang [107] put
forward intriguing hypotheses concerning the mechanisms regulating the number of MTs
in a bundle. These hypotheses envisaged the possibility that MTOCs sense the number of
MTs in the bundles, adding or removing single MTs when necessary. On the other hand,
MTOCs might be activated stochastically in concert with the tubulin concentration, thus
modulating the number of MTs.

The organization of cortical MTs plays a crucial role in plant cell morphogenesis. A
number of studies have shown that the nucleation and bundling activity of cortical MTs
are closely interconnected, as MT-dependent MT nucleation helps maintain cortical MT
bundles [108].

In plant somatic cells, members of the MAP-65 protein family have been identified
as MT-bundling proteins [109,110]. No studies on members of the MAP65 protein family
have been conducted in pollen tubes and no other MT-crosslinking proteins have yet been
characterized in pollen tubes. However, among proteins favoring MT bundling by regulat-
ing PM-MT interactions, there are members of the CLASP family. Besides playing a role in
stabilizing MT seeds and promoting MT elongation during the severing—rescue nucleation
process (see below), members of the CLASP family are also involved in maintaining cortical
MT bundles in somatic plant cells [97,111,112]. In CLASP mutants, MT bundles appear
thinner than in control cells, reflecting fewer MTs in each bundle [111,113]. It is believed
that members of the CLASP family bind to plus ends of nascent MTs and, at the same time,
mediate interaction of these MTs with the PM, thus favoring MT encounters in the cortex
of somatic cells and MT bundling [60,111,113].

No studies on the function of CLASP have been reported in pollen tubes; however,
CLASP-like or other as yet uncharacterized proteins could be involved in anchoring the
plus end of nascent MTs to the cortex, stabilizing new MTs and favoring bundled rather than
single MTs. Moreover, in CLASP mutants, MTs show a higher frequency of detachments
from the PM than in control cells [98,111,113]. In pollen tubes incubated with Sq, a smaller
amount of sterols might have affected the interaction of CLASP homologues/nascent
MTs with the PM in the apical and subapical regions of pollen tubes, where Lo domains
are concentrated [23], thus affecting their incorporation into cortical bundles. Conse-
quently, a proportion of new MTs may have detached from the cortex to explore the inner
part of the cytoplasm, themselves becoming platforms for cytoplasmic MT-dependent or
severing—rescue MT nucleation of cytoplasmic MTs.

3.5. Sterol Depletion Affected MT Nucleation

The results of oryzalin washout experiments showed that, in Sg-treated pollen tubes,
MT recovery was significantly slower than in control cells, suggesting that alteration of
lipid rafts had a greater effect on the lag phase of MT nucleation/regrowth after oryzalin
washout in treated than in control pollen tubes.

Microtubule nucleation modes have yet to be studied in depth in pollen tubes. Use of
a heterologous antibody against a mammalian pericentriolar protein has suggested that
MTOCs associate with the apical and subapical PM [114], reflecting the localization of
Lo domains [23]. Based on these data, we can postulate that, in control cells, most MT
nucleation occurs in the cortex of apical and subapical regions. In Sq-treated pollen tubes,
where MT recovery was slower than in control pollen tubes, the alteration of sterol content
may disturb the interaction of y-tubulin ring complexes (yTuRCs) with the PM, lengthening
the nucleation lag phase and delaying MT nucleation.

In eukaryotes, YTuRC protein aggregates work as initial templates for MT nucle-
ation [115-117]. In plant cells, YTuRCs associate with the nuclear envelope surface, the
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cell cortex and the surface of pre-existing MTs, the latter giving rise to branched nucle-
ation [59,96,99,118-121]. Interestingly, in mammalian cells, MTs nucleated by yTuRCs
at the Golgi apparatus are reported to be stabilized by CLASP proteins [122]. Although
CLASP proteins have not been studied in pollen tubes, pollen tube CLASP homologues
could possibly stabilize new MT seeds and simultaneously mediate the interaction of new
MT plus ends with the PM in order to stabilize and promote MT growth. In this view,
modification of the PM lipid profile and, in particular, that of lipid raft microdomains,
impaired the interaction of new MT seeds with the PM, thus retarding MT regrowth after
oryzalin depolymerization.

3.6. Sterol Depletion Affected Post-Translational Modifications of Tubulin

Many studies in animal and plant cells have shown that the expression of specific «-
and (-tubulin isotypes and the tubulin post-translational modification program give rise to
different MT arrays for specific functions [76,123,124].

Although many studies in animal cells help elucidate the role of post-translational
modifications of tubulins, limited information is available for plant cells [53]. Most informa-
tion has come from immunofluorescence studies using antibodies directed against tubulins
modified during the cell cycle; the distribution of glutamylated, tyrosinated /detyrosinated
and acetylated tubulins predicts the dynamics of MT arrays. In the pollen tubes of an-
giosperms, acetylated MTs have only been detected in pollen tubes treated with taxol [41].
Western blot analysis and immunofluorescence experiments using anti-acetylated tubulin
were inconclusive in pollen tubes grown in control medium or with squalestatin.

Most a-tubulin genes in different organisms encode a tyrosine at the carboxy end;
terminal tyrosine can be removed from MTs, leading to detyrosinated tubulin [125]. On
the other hand, tubulin tyrosine ligase catalyzes the reverse reaction by adding a tyrosine
to tubulin monomers [126]. This mechanism, together with the tubulin-detyrosinating
enzyme’s preference for polymerized MTs, results in detyrosinated tubulin accumulating in
stable microtubules [127-129]. In mammalian cells, the tyrosinated/detyrosinated tubulin
ratio also modulates the interaction of MAPs with MTs [130-134].

Tubulin polyglutamylation occurs preferentially on MTs by the addition of glutamate
side chains to «- and f-tubulin carboxy-terminal domains by members of the tubulin
tyrosine ligase-like (TTLL) family [135,136]. This process is reversible, as cytosolic car-
boxypeptidases (CCP) and glutamylases can remove these side chains and modulate their
length, respectively [137,138]. Early studies on tubulin glutamylation revealed that the
addition of glutamate side chains is associated with long-lived MTs [139,140]. As in the
case of tyrosination/detyrosination, the level carboxy-terminal glutamylation of tubulin
regulates the interaction of MTs with MAPs [134,141].

In pollen tubes grown with squalestatin, a significant increase in glutamylated o-
tubulin with respect to the control was recorded by Western blot analysis. The immunoflu-
orescence and the colocalization analysis showed that the level of glutamylation was also
higher in shank than in tip MTs in Sq samples, in line with the greater abundance of
cytoplasmic MTs in the shank.

In tobacco pollen tubes, tyrosinated tubulin is found in all MT subpopulations: in
randomly oriented MT fragments in the apex and shank, as well as in the long MT bundles
in the distal region, suggesting that pollen tube growth requires dynamic MTs [39]. In
pollen tubes grown with squalestatin, a significant reduction in tyrosinated tubulin was
detected by Western blot analysis and immunofluorescence microscopy in the tip and shank.
Double immunofluorescence experiments confirmed that the fraction of tyrosinated MTs
dramatically decreases in sterol-depleted pollen tubes. These findings suggest that lipid
microdomains could be involved in tyrosination/detyrosination processes, or alternatively,
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that MT detyrosination/glutamylation could be compensating strategies to stabilize single
MTs, found preferentially in pollen tubes low in sterols.

4. Conclusions

This paper provides novel insights into the role of lipid rafts microdomains as factors
that could regulate the dynamics and organization of MTs in angiosperm male gameto-
phytes. Lipid raft microdomains could therefore represent platforms for creating microen-
vironments in which protein complexes involved in these processes are concentrated.

In discussing the data, we proposed various scenarios. Though intriguing, these hy-
potheses need to be verified by identifying MAPs and, particularly, the possible associations
and dynamics of y-tubulin and members of the CLASP protein family with microsomes
and lipid rafts.

The study of the relationship between cytoskeletal elements and lipid rafts will pro-
vide new insights into the mechanisms underlying sexual reproduction in plants. This
knowledge, in addition to being of great cultural value, could be extremely important
for specific applications in agriculture, for example, in studying self-incompatibility or
temperature aspects associated with global warming.

We would like to point out that, looking ahead, the study of the apical growth mecha-
nisms of male gametophytes in angiosperms could provide new insights for investigating
this process from an evolutionary perspective (including the protonemata of mosses).

5. Materials and Methods
5.1. Germination Assay and Pollen Tube Measurement

Pollen of Nicotiana tabacum (L.) was collected from plants grown in the Botanical
Garden (Citta Studi) of Milan University during summer. Anthers were left to open in a
Petri dish for 2 days, completely dehydrated for 12 h in a box containing silica gel and
then stored at —20 °C. Pollen grains were hydrated in a humid chamber overnight and
cultured in flasks (3 mg/mL) in BK liquid medium [142] supplemented with 12% (w/v)
sucrose at 23 & 2 °C with or without 0.5 or 1 uM Sq for 3 and 5 h. Although pollen was not
tested before freezing, its germinability was tested during germination in a BK medium,
taking into account the amount of pollen grains forming a pollen tube and the length of the
pollen tubes.

The length of pollen tubes grown with or without squalestatin was calculated with
Image] software (National Institutes of Health) [143]. Control and treated pollen tubes
were observed after chemical fixation (see below) with a Leica DMRB microscope (Leica
N PLAN 10X objective), and images were taken with a Leica MC 170 HD video camera.
For the germination assays, at least 10 optical fields of control and Sg-treated samples were
acquired, as reported above, in three independent experiments.

5.2. Probes and Drugs

Zaragozic acid/squalestatin (5q) (Sigma Aldrich, St. Louis, MO, USA) was dissolved
in ethanol to a concentration of 6.6 mM and then diluted to concentrations of 1 uM in BK
medium (see below). Oryzalin (stock solution, 1.38 M) was used at a final concentration of
0.5 uM.

Anti-« tubulin polyclonal antibody was purchased from Agrisera (Vannéds, Swe-
den). Anti-a- (clone B-5-1-2), anti-3- (clone TUB 2.1), anti-tyrosinated- (clone TUB-1A2),
anti-polyglutamylated- (clone B3) and anti-acetylated-tubulin (clone 6-11B-1) monoclonal
antibodies were from Sigma (St. Louis, MO, USA). Texas-Red-conjugated anti-rabbit,
FITC-conjugated anti-mouse and Alexa Fluor plus 647-conjugated anti-mouse antibodies
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were obtained from Invitrogen (Waltham, MA, USA). ECL peroxidase-labeled anti-mouse
secondary antibody for Western blot assays was provided by EUROCLONE (Pero, Italy).

5.3. Pollen Tube Crude Extract

Nicotiana tabacum (L.) pollen was germinated in BK medium (3 mg/mL), as reported
above, for 3 h with or without Sq 1 uM. Pollen tubes were collected by centrifuging at
2000 rpm for 10 min at 10 °C in a Beckmann JS13.1 rotor, and then rinsed with 10 mL
incomplete TNE buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 5 mM EDTA; 10 pg/mL
TAME; 1 mM PMSF) containing 12% sucrose, with or without Sq 1 uM. Samples were then
centrifuged at 2000 rpm for 10 min at 10 °C in the same centrifuge. Control and Sg-treated
pollen tubes were resuspended in two volumes of cold complete TNE buffer (50 mM
Tris-HCI, pH 7.4; 150 mM NaCl; 5 mM EDTA; 1 mM PMSF; 10 ug/mL TAME; 10 ug/mL
leupeptin; 10 pg/mL pepstatin A; 4 uM aprotinin; 8 pM antipain) and homogenized on
ice in a 2 mL Potter homogenizer (Teflon/glass; 80 stocks). Laemmli Sample Buffer (LSB,
see below) without Bromophenol Blue [144] was added to the homogenate. Samples were
boiled for 2 min and then centrifuged at 10 °C for 40 min at 15,000 rpm in an ALC A21-C
rotor. The resulting supernatants were collected as crude extracts (CE control/Sq). Aliquots
of CE were protein assayed using BSA as standard protein [145].

5.4. Cell Fractionation

Microsomal and soluble fractions (control and Sq-P2) were prepared by the protocol
reported by Moscatelli et al. [23]. Control and Sg-treated pollen tubes were processed as
reported in the section describing the procedure for crude extract. The homogenates were
centrifuged at 2500 rpm for 4 min at 4 °C in an ALC A21-C rotor. Pellets (P1 Co/Sq) were
discarded, and control and Sq post-nuclear supernatants (51 Co/Sq) were loaded onto
20% sucrose cushions (3 mL) in incomplete TNE buffer and centrifuged at 23,000 rpm for
30 min at 4 °C in the Beckman SW-60 Ti rotor. Control and Sq pellets (microsomes, P2)
were resuspended in cold, complete TNE buffer. Aliquots of P2 and supernatants (52) were
protein-assayed using BSA as standard protein [145]. Aliquots of control and Sq-P2 were
dried in a Speed Vac SC110 (Savant) and stored at —80 °C for analysis of lipid profile.

5.5. HPTLC Analysis of Lipids

For the analysis of sterols, P2 fractions obtained from pollen tubes grown with or
without 0.5 or 1 uM Sq for 3 and 5 h were resuspended in 0.5 mL H20O, to which 2 mL
chloroform/methanol (2/1, v/v) was added, and vortexed. After 1 h, the tubes were
centrifuged at 3000 g for 10 min and the supernatant was evaporated to dryness. The
lipid extracts were analyzed by HPTLC or further processed for GC-MS. For HPTLC: lipids
were resuspended in chloroform/methanol (2/1, v/v) and chromatography was performed
using hexane/ethyl ether/acetic acid (90/15/2, v/v). For GC-MS: saponification was
carried out by adding 1 mL ethanol and 0.1 mL KOH 11 N to the lipid extracts, as well as
5 ug cholesterol as internal standard, and incubating the tubes at 80 °C for 1 h. Sterols were
extracted with 1 mL hexane and then 2 mL H20 was added; tubes were then vortexed and
centrifuged at 3000 x g for 10 min. The supernatant was transferred to another tube and
evaporated to dryness under a nitrogen stream before silylation. Sterols were derivatized
with 200 pL N,O-bis(trimethylsilyl)trifluoroacetamide with 0.1% trimethylchlorosilane
(BSTFA/TMCS) and incubated at 110 °C for 15 min. BSTFA was evaporated under a
nitrogen stream and the samples were dissolved in hexane. GC analysis was carried out
with an Agilent 7890A Plus GC unit (Agilent, Santa Clara, CA, USA) with a flame ionization
detector (Agilent). Silylated sterols were separated on a 30 m HP-5MS column (Agilent)

1

using a temperature gradient of 150 °C; this was increased to 280 °C at 10 °C min™" and
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held for 10 min, and then decreased to 150 °C at 20 °C min—!. Sterols were identified by
GC-MS (Agilent) using the same column and temperature gradient.

5.6. Preparation of Detergent-Insoluble Membranes (DIMs)

Tobacco pollen (two 400 mg aliquots for control and Sq samples) was cultured for 3 hin
BK medium supplemented with 12% sucrose, with or without 1 uM Sq, as reported above.
Control and Sg-treated pollen tubes were processed as reported in the section describing
the crude extract procedure. Control and Sq-treated pollen tubes were homogenized on
ice in two volumes of complete TNE buffer using 5 mL Potter homogenizers (Teflon/glass;
80 stokes). Control and Sq microsomes (P2) were prepared as described in the previous
sections (cell fractionation). Control and Sq P2 samples were resuspended in cold complete
TNE buffer and ice-cold 10% (w/v) Triton X 100 was added to an 8:1 detergent/P2 protein
mixture (1% final concentration) [23]. After treatment with 1% Triton for 30 min on ice,
membranes were mixed with 60% Optiprep (from Sigma, St. Louis, Missouri, USA) to a
final concentration of 40% (v/v), placed at the bottom of a centrifuge tube and overlaid
with successive 3 mL steps of 35%, 30% and 15% (v/v) Optiprep/TNE buffer. Gradients
were centrifuged for 19 h at 37,000 rpm in a Beckmann SW41 Ti rotor. DIMs were recovered
as opaque bands of floating material at the interface between 15% and 30% Optiprep.
Control and Sq gradients were separated into 19 fractions and aliquots of each fraction
were denatured for electrophoresis. The same amount of protein was loaded in the two
gradients. The same volume of each gradient fraction (25 uL) was loaded on the gel. Silver
staining revealed polypeptides. Fractions corresponding to the floating material were
pooled, diluted with 4 volumes of TE buffer (50 mM Tris-HCl, pH 7.4; 5 mM EDTA; 1 mM
PMSF; 10 mg/mL TAME) and centrifuged at 32,000 rpm for 2 h at 4 °C in a Beckmann SW
60 Ti rotor. Aliquots of control and Sq-DIMs were assayed for protein concentration [145]
and stored at —80 °C.

5.7. SDS-PAGE and Western Blot

Proteins of crude extracts (15 pg/lane), P2/52 samples (15 pg/lane), fractions of Op-
tiprep gradients (20 pL fraction/lane) and DIMs (5 ug for control and Sq DIMs/lane) were
resolved in denaturing 10% polyacrylamide one-dimensional (1D) gels in a discontinuous
buffer system [144]. A MiniVe Vertical Electrophoresis System (GE Healthcare, Chicago,
IL, USA) was used for 1D electrophoresis. Polypeptides were revealed by staining the
gels with Coomassie brilliant blue R250 or by silver enhancement [146]. Images of gels
were acquired using Epson Perfection V750 PRO and Adobe Photoshop software. Western
blots were performed according to Towbin et al. [147]. Membranes were blocked in 5%
non-fat milk in Tris-buffered saline (TBS) at room temperature. They were probed with
primary monoclonal antibodies diluted 1:2000 overnight at room temperature. Secondary
anti-mouse antibody was used at a 1:10,000 final dilution.

5.8. Indirect Immunofluorescence

Pollen tubes grown in control BK medium with or without 1 uM Sq for 3 h were
processed for indirect immunofluorescence. Samples were incubated in fixing solution
(3.7% formaldehyde; 12% sucrose; 100 mM PIPES; 5 mM MgSQOy; 0.05 mM CaCly; pH 6.9).
For single immunofluorescence, cells were treated as described in [45]; pollen tubes were
incubated with rabbit anti-a-tubulin polyclonal antibody at a concentration of 1:200 for
15 h at 4 °C. A Texas-Red-conjugated anti-rabbit secondary antibody was used at 1:200 final
dilutions. Optical sections (0.2 um) and 3D projections of specimens were obtained with
a Leica TCS NT SP8 point scanning confocal microscope and a 63X /1.4 objective. Texas
Red fluorescence was excited with the 561 nm line from a white light laser selected with an
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acousto-optic tunable filter, and collected with a photomultiplier tube having an emission
window of 600-700 nm.

5.9. Double Immunofluorescence and Colocalization Analysis

For double immunofluorescence, pollen tubes grown in control medium or in medium
supplemented with 1 uM Sq were treated as reported in the previous section. Cells were
incubated sequentially with primary antibodies: anti-c-tubulin polyclonal antibody (1:200
for 2 h at room temperature) and anti-tyrosinated or anti-glutamylated tubulin monoclonal
antibodies (1:200 for 15 h at 4 °C). As secondary antibodies, Texas-Red-conjugated anti-
rabbit and FITC-conjugated anti-mouse antibodies were used at a 1:200 final dilution for
2 h at room temperature. Specimens were observed with a Leica TCS NT SP8 confocal
microscope, as reported above. A sequential scan to acquire the FITC-conjugated signal
was added: 488 nm laser line and 494-550 nm collection emission range.

5.10. Oryzalin Washout Experiments

For oryzalin washout experiments, control pollen tubes and pollen tubes treated
with 1 uM Sq for 3 h were incubated with oryzalin 0.5 uM for 5 min (Co/Sq T0). Pollen
tubes were rinsed with 2 mL of medium with or without Sq and left to recover for 5 min
(Co/5q T1). Cells were fixed at TO and T1 and processed by indirect immunofluorescence,
observing MTs with a Leica TCS NT SP8 confocal microscope and 63X/1.4 objective.

5.11. Single-Molecule Localization Microscopy

For single-molecule localization imaging experiments, pollen tubes grown with or
without 1 uM Sq were treated as described for indirect immunofluorescence [40], except
that anti-o-tubulin monoclonal antibody (clone TUB 2.1) was used as a primary antibody
and Alexa Fluor 647-conjugated anti-mouse antibody as a secondary antibody. Single-
molecule localization imaging was obtained by direct stochastic optical reconstruction
microscopy dSTORM [148] using a GSD microscope (Leica SR GSD, Leica Microsystems,
Mannheim, Germany) equipped with a solid-state 642 nm laser, an oil immersion objective
lens (HCX PL APO 160x 1.45NA) and an EMCCD camera (Andor iXon Ultra-897, Oxford
Instruments, Oxford, UK). All dSTORM experiments were performed with Smart-kit buffer
(Abbelight, Cachan, France). We activated real-time localization with the laser in an oblique
configuration (Hilo), an integration time of 20 ms and an EMCCD gain set at 300.

5.12. Quantification and Statistical Analysis

Values of total sterols after 3 and 5 h germinations were analyzed using the one-way
ANOVA test (IBM SPSS Statistics. v.29.0). Tukey’s HSD post hoc test was used to assess the
significance of each comparison.

To compare control and Sg-treated pollen tubes after 3 and 5 h of incubation, the pollen
tube length of control and Sq-treated samples at different time points was compared using
Student’s t-test with the Excel program.

For the germination assay, nongerminated pollen grains (U), pollen grains with germi-
nation bubbles (GBs), pollen with short pollen tubes (pollen tubes less than twice the grain
diameter; STs) and germinated pollen (pollen tubes at least twice the grain diameter; G)
were counted after 1 h in BK medium in three independent experiments. The number of U,
GB, ST and G pollen grains in control and Sq-treated samples after 1 h in BK medium was
compared by the chi-square test (IBM SPSS Statistics. v.29.0).

For MT quantification in control and in Sg-treated samples, acquired z-stacks were
deconvoluted (Huygens Professional software, Scientific Volume Imaging, The Netherlands,
http://svi.nl). Quantitative analysis of the area covered by MT staining in tip (ROI1), shank
(ROI2) and distal (ROI3) regions of pollen tubes were performed by creating a measurement
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protocol using Volocity software (Volocity® PerkinElmer Inc., Shelton CT, USA). Once
images were transferred into Volocity software, 3 ROIs were selected manually for each
pollen tube in order to identify the tip (ROI1 5 um wide), a portion just below the tip
(ROI2 20 pm wide) and a portion distant 25 pm from ROI2 (ROI3, 15 pm wide). In each
RO, the total volume of the tube was identified as the “full object”, setting the minimum
intensity threshold quite low, while MTs were segmented with a specific threshold on the
correct channel.

For the oryzalin washout assay, quantitative analysis of MTs in control and Sq-treated
pollen tubes at TO and T1 was carried out with Volocity software (Volocity®, PerkinElmer
Inc.) in the tip (ROI1) and shank (ROI2). Images acquired by an SP8 Leica point scanning
confocal microscope were first deconvoluted with Huygens Professional version 19.04
software (Scientific Volume Imaging, The Netherlands, http://svi.nl) using the CMLE
algorithm, with an SNR of 10 and 40 iterations. Once the data were transferred to Volocity
software, two ROls for each pollen tube were selected manually to identify the tip (ROI1,
5 um wide) and a portion just below the tip (ROI2, 20 um wide). In each RO], the total
volume of the tube was identified as the “full object”, setting the minimum intensity
threshold quite low, while MTs were segmented with a specific threshold on the correct
channel. The results were exported into Excel and analyzed for significant differences.

In both cases, the values of the percentage volume occupied by MTs in each ROI in
control and treated cells were processed by statistical analysis. The two-way ANOVA test
(IBM SPSS Statistics. v.29.0) was used to evaluate the difference between ROIs in different
experimental conditions. Tukey’s HSD post hoc test was used to assess the significance of
each comparison. To estimate the difference in cytoplasmic MTs between control and Sq-
treated pollen tubes, the mean fluorescence intensity was calculated in the shank cytoplasm
of single pollen tubes using Image] software (Rasband, W.S., Image], US National Institutes
of Health, Bethesda, MD, USA, http:/ /imagej.nih.gov/ij/, 1997-2012) [144]. Five medial
sections were considered for each pollen tube (ImageJ, multi-measure option on Z-axis).
Values were analyzed by two-way ANOVA (IBM SPSS Statistics. v.29.0); Tukey’s HSD post
hoc test was used to assess the significance of each comparison.

Data derived from single-molecule localization microscopy were analyzed using
a custom Matlab pipeline. Images were reconstructed from the localization list with a
pixel size of 20 nm, corresponding to the resolution of the STORM technique. Tubule
segmentation was performed using the Frangi filter [149] to enhance elongated structures,
followed by global thresholding. The Matlab implementation of the Frangi filter was
obtained from an online repository [150] (Tim Jerman, 2022). The segmented tubule mask
was skeletonized and divided into individual branches. Straight (non-bent) elements were
selected and rotated to align with the pixel grid. Rotation was applied to the localization list
and the STORM image was subsequently reconstructed to ensure correct local orientation.
Tubule length and width were measured by counting pixels along the longitudinal and
transverse axes, respectively. Statistical differences between distributions were evaluated
using the Kruskal-Wallis test.

In double fluorescence—colocalization experiments, the mean fluorescent intensity of
tyrosinated and glutamylated tubulin in the apex (ROI1) and shank (ROI2) of single pollen
tubes was calculated by Image] (multi measure option on Z axis; Rasband, W.S., Image],
US National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/,
1997-2012) [145]. Values were processed for statistical analysis (Student’s t-test) using Excel.
Three-dimensional colocalization analysis was conducted with the plug-in Biop]JACoP
using Image]J software [151]. The proportion of MTs containing polyglutamylated or
tyrosinated «-tubulin was estimated by calculating the Manders coefficients M1 and M2 in
the apex and shank regions. Manders coefficients were calculated using the same ROIs in
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all images. Values were compared using two-way ANOVA; Tukey’s HSD post hoc test was
used to assess the significance of each comparison (IBM SPSS Statistics. v.29.0).

For the quantification of Western blotting, bound antibodies were detected with the
enhanced chemiluminescence reagent ECL (Thermo Scientific). Western blot images were
acquired with a Chemidoc system and Image Lab software (version 5.2 1 Bio-Rad, Her-
cules, CA, USA). Western blot image quantification was performed with Image] software
(National Institutes of Health) [145] on the basis of band areas. Values were processed for
statistical analysis (Student’s f-test) using Excel.
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