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Heat stress affects the cytoskeleton and the delivery of sucrose synthase in
tobacco pollen tubes

Luigi Parrotta, Claudia Faleri, Mauro Cresti & Giampiero Cai
Dipartimento Scienze della Vita, Universita di Siena, via Mattioli 4, 53100 Siena (Italy)

ABSTRACT

Abstract

Main conclusion Heat stress changes isoform content and distribution of cytoskeletal subunits in pollen tubes
affecting accumulation of secretory vesicles and distribution of sucrose synthase, an enzyme involved in cell
wall synthesis.

Plants are sessile organisms and are therefore exposed to damages caused by the predictable increase in
temperature. We have analyzed the effects of temperatures on the development of pollen tubes by focusing
on the cytoskeleton and related processes, such as vesicular transport and cell wall synthesis. First, we show
that heat stress affects pollen germination and, to a lesser extent, pollen tube growth. Both, microtubules
and actin filaments, are damaged by heat treatment and changes of actin and tubulin isoforms were observed
in both cases. Damages to actin filaments mainly concern the actin array present in the subapex, a region
critical for determining organelle and vesicle content in the pollen tube apex. In support of this, green
fluorescent protein-labeled vesicles are arranged differently between heat-stressed and control samples. In
addition, newly secreted cell wall material (labeled by propidium iodide) shows an altered distribution.
Damage induced by heat stress also extends to proteins that bind actin and participate in cell wall synthesis,
such as sucrose synthase. Ultimately, heat stress affects the cytoskeleton thereby causing alterations in the
process of vesicular transport and cell wall deposition.
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INTRODUCTION

Climate changes represent important challenges that all life forms will face in the next years (Bellard et al.
2012). The average temperature on Earth likely increased during the twentieth century and temperatures
are expected to rise more by the end of the twenty-first century. As plants are sessile organisms, they are
constantly exposed to temperature variations; therefore, they have developed a series of responses that
minimize damage and maintain the cellular homeostasis. Although some positive effects are expected from
the increase of temperatures, it is likely that climate variations will cause a decrease in crop yield and will
affect agriculture because of shorter life cycles and acceleration of senescence (Porter 2005). The increase
of temperatures is likely to have negative effects on several aspects of plants, from root elongation to plant
growth, from leaf development to reproduction (Wahid et al. 2007). Damage caused by high temperatures
to reproductive organs may potentially threaten plant survival. Both the female and male reproductive
organs are sensitive to changes of temperature (Zinn et al. 2010) with male organs being more vulnerable to
thermal stress (Sato et al. 2006). Pollen formation is a developmental stage highly sensitive to temperature
fluctuation in cereals (Prasad et al. 2008) as well as in wheat (Wollenweber et al. 2003). In the latter, abortion
of tapetum cells, which hinders microspores to complete the first mitotic division, results in the absence of
maturation. Although microspores might eventually complete the first mitotic division, only few of them can
further divide and develop into the characteristic tricellular pollen grain; the rest of microspores remain
immature and do not accumulate starch (Saini et al. 1983). Heat stress ([30



C) from the onset of meiosis to pollen maturation has also a detrimental

effect on the viability of pollen grains in wheat, with consequent decrease in fertilization and seed production
(Saini and Aspinall 1982). In Cicer arietinum L., heat stress caused reduction of pod set by affecting pollen
viability and pollen production and therefore seed number (Devasirvatham et al. 2012). Elevated
temperatures can also affect the development of pollen tubes. In Gossypium hirsutum L., pollen tubes
stressed by high temperatures germinate earlier than controls but the rate of tube growth is lower; however,
fertilization efficiency is not affected (Snider et al. 2011a). Negative effects on pollen tube growth may
depend on the availability of sugars in the pistils (Snider et al. 2011b). In Nicotiana tabacum L., heat-stressed
pollen tubes showed a temperature-dependent reduction in tube growth with changes in the accumulation
of membranes, lower vesicle production and swelling of mitochondria (Kandasamy and Kristen 1989).
Negative effects on pollen viability and germination have also been reported in strawberry (Ledesma and
Sugiyama 2005) and in Pisum sativum L. (Petkova et al. 2009). Several tests performed on pollen development
and growth suggest that pollen might be a suitable biomarker for assessing cultivars resistant to high
temperature (Liu et al. 2006). The pollen tube is a tip-growing cell (Cole and Fowler 2006), in which the apical
region contains a large amount of Golgi-derived secretory vesicles that will fuse with the plasma membrane
providing new lipids, membrane proteins and cell wall proteins to the growing tube. The apical domain also
contains a large number of molecules that polarize the pollen tube (Kost 2008). The apical polarization affects
the arrangement of the cytoskeleton (Zhao and Ren 2006), which in turn regulates the trafficking of
organelles and vesicles in the pollen tube (Zhang et al. 2010). The cytoskeleton is organized through the
activity of several associated proteins (Staiger et al. 2010) that allow the arrangement of distinct cytoskeletal
arrays. For example, the so-called actin fringe is a boundary between the subapical and apical region of pollen
tubes that is likely to focus secretory vesicles at the fusion sites (Dong et al. 2012), a prerequisite for assembly
of the pollen tube cell wall. Proper organization and dynamics of the cytoskeleton are required to produce
functional pollen tubes. Despite this, little information is available on the response of cytoskeletal elements
to heat stress, although the cytoskeleton has often been considered a target of heat stress (Kang et al. 2010).
Root cells of Arabidopsis thaliana L. are capable of surviving a short-lived thermal stress showing a complete
recovery of the cytoskeleton after initial depolymerization (Muller et al. 2007). Injuries to the cytoskeleton
are usually observed after incubation at 40—-42 C. Below this value, neither

microtubules nor actin filaments are damaged (Smertenko et al. 1997). In BY-2 (Bright Yellow-2) tobacco
cells, actin filaments are depolymerized by heat shock whereas mild heat stress has no effects (Malerba et
al. 2010). Wang et al. (2012) reported the expression of heterodimeric proteins of Arabidopsis that bind to
and “cap” the ends of actin filaments, likely functioning as pre-stress factors. These proteins are expressed
in many plant tissues in response to thermal stress and might provide a molecular tool for development of
thermo-tolerance. In eukaryotic cells, thermal denaturation of cytoskeleton proteins is likely either
prevented or repaired by heat shock proteins (HSPs), a large family of molecular chaperones. Both
microtubules and HSP90 from animal sources can interact with each other and HSP90 might refold denatured
tubulins but it may not dissolve protein aggregates (Weis et al. 2010). Correspondingly, small HSPs can
prevent aggregation of denatured actin subunits (Pivovarova et al. 2007). In favor of a HSP-based protective
activity, experimental evidence indicates the interaction between HSPs and cytoskeletal proteins such as tau
(Patterson et al. 2011) and kinesin (Parrotta et al. 2013). These findings suggest that HSPs might either
increase the dynamics of the cytoskeleton or support the correct folding of new subunits (Silflow et al. 2011).
We investigated the effects of heat stress on pollen tubes by heat-stressing pollen grains and monitoring the
effects on pollen tube germination and cytoskeleton. Accordingly, we evaluated how heat stress applied to
pollen grains may have consequences on the developing pollen tubes. This analysis might also suggest how
recovery mechanisms carried out by pollen grains contribute to withstanding heat stress. The functional
hypothesis is based on the importance of pollen tubes in plant reproduction and on the use of pollen tubes
as an excellent cell model. In addition to biochemically and cytologically evaluating the effects of heat stress



on the cytoskeleton, we analyzed two cytoskeleton-based mechanisms: vesicle dynamics and distribution of
sucrose synthase. Sucrose synthase is a metabolic enzyme but is also an actin-binding protein (Winter et al.
1998), and is involved in cell wall assembly by providing metabolites for the synthesis of cellulose and callose
(zheng et al. 2011). Moreover, sucrose synthase can also be a preferential target of heat stress (Pressman et
al. 2006) because content and activity of the enzyme change in response to heat stress.

MATERIALS AND METHODS
Experimental protocol for heat-stressing pollen grains

After hydration at room temperature overnight in a humid chamber, tobacco pollen was placed within petri
dishes and stressed by heat treatment at 35°/37°/40°C for three hours using incubation chambers set at
predefined temperature. Control pollen was kept at room temperature during heat treatment. Both control
and heat-stressed pollen was germinated in BK medium (Brewbaker and Kwack 1963) supplemented with
12% sucrose for three hours. All samples were subsequently subjected to investigations.

Extraction of proteins from cytosol, membrane and cell wall fractions

After germination, pollen tubes were collected by low-speed centrifugation and washed with HEM buffer (50
mM Hepes pH 7.5, 2 mM EGTA, 2 mM MgCly) containing 12% sucrose. Pollen tubes were lysed in a cold room
using a Potter-Elvejhem homogenizer (40 strokes); the lysis buffer was HEM supplemented with protease
inhibitors and 1 mM DTT. Samples were centrifuged at 500 g for 10 min (4°C). The supernatant was removed
and centrifuged at high-speed (100000 g for 45 min at 4°C). The resulting pellet (e.g. the membrane fraction)
was resuspended in either sample buffer for 1-D electrophoresis or RB buffer for 2-D electrophoresis;
samples were then centrifuged at 15000 g for 20 min in a microfuge and the supernatant was directly used.
The supernatant from the high-speed centrifugation (e.g. the cytosolic fraction) was precipitated in 4 volumes
of 20% TCA in cold acetone for 2 hours at -20°C; precipitated proteins were washed in cold acetone and then
resuspended in suitable buffers for either 1-D or 2-D electrophoresis.

The pellet from the initial low speed centrifugation (e.g. the cell wall protein fraction) was washed
several times with HEM buffer to remove contaminating proteins. The last pellet was directly incubated with
buffer for either 1-D or 2-D electrophoresis.

Subfractionation of cell wall proteins

Cell wall proteins were extracted using three different conditions in order to obtain proteins weakly bound
to the cell wall (0.15 M NaCl), proteins bound to the wall by stronger ionic interactions (1 M NaCl) and
proteins strongly bound to the cell wall (possibly by hydrophobic interactions, 2% SDS) (Borderies et al. 2003).
After stressing and germination, pollen tubes were collected, washed and lysed. The lysate was centrifuged
at 10000 g for 15 min at 4°C. The pellet was resuspended in 0.15 M NaCl in extraction buffer and incubated
(each incubation was performed for 30 min with 400 RPM agitation in a thermomixer set at 25°C). Samples
were centrifuged at 10000 g for 15 min at 25°C. The supernatant was recovered while the pellet was
repeatedly washed with the same buffer to elute unspecifically binding proteins. Subsequently, pellets were
resuspended with 1 M NaCl in extraction buffer and incubated as above; following centrifugation at 10000 g
for 15 min, the supernatant was retrieved and the pellet was repeatedly washed with the same buffer and
then with a no-salt buffer to decrease salt concentration. Samples were resuspended and incubated in 2%
SDS in extraction buffer, centrifuged at 10000 g for 15 min to retrieve the final supernatant. All supernatants
were precipitated in 20% TCA-acetone overnight at -20°C. The day after, samples were centrifuged at 16000
g for 15 min at 4°C and pellets were washed with cold acetone and centrifuged again at 16000 g for 15 min
at 4°C. The final pellets were re-suspended in a small volume of denaturation buffer for 1-D electrophoresis.



Determination of protein concentration

The protein concentration of samples was determined using a commercial kit (2-D Quant Kit, GE HealthCare).
The protocol was performed exactly as described in the instruction manual using BSA as reference. Each
sample was analyzed in three replicates.

Electrophoresis, immunoblotting and image acquisition

Separation of proteins by 1-D electrophoresis was performed on pre-cast 10% Criterion XT gels (Bio-Rad)
using a Criterion cell (Bio-Rad). Run was done with a Power Pac Bio-Rad 300 at 200 V for approximately 45
min. Gels were stained with Bio-Safe Coomassie (Bio-Rad).

Transfer of proteins from gels to nitrocellulose membrane was performed using a Trans-Blot Turbo
Transfer System (Bio-Rad) according to the manufacturer’s instructions. Quality of blotting was determined
by checking the transfer of Precision pre-stained molecular standards (Bio-Rad). After blotting, membranes
were blocked overnight at 4°C in 5% ECL Blocking Agent (GE HealthCare) in TBS (20 mM Tris pH 7.5, 150 mM
NaCl) plus 0.1% Tween-20. After washing with TBS, membranes were incubated with the primary antibody
for 1 h. For labeling tubulin, we used the mouse monoclonal anti-tubulin B-5-1-2 from Sigma, diluted 1:5000.
For actin, we used the mouse monoclonal anti-actin 10B3 from Sigma diluted 1:3000. For immunodetection
of sucrose synthase, we used a rabbit polyclonal against maize sucrose synthase (Heinlein and Starlinger
1989) diluted 1:1000. Subsequently, membranes were washed several times with TBS and then incubated
for 1 h with peroxidase-conjugated secondary antibodies. Specifically, we used an anti-mouse IgG (Bio-Rad,
diluted 1:5000), a goat anti-rabbit IgG (Bio-Rad) diluted 1:3000, and a goat anti-rat (Chemicon International)
diluted 1:3000. After rinsing the membranes with TBS, the immunological reactions were visualized with
Immun-Star (Bio-Rad). Images of gels and blots were acquired using a Fluor-S apparatus (Bio-Rad) and
analyzed with the Quantity One software (Bio-Rad). Exposure times were 30-60 seconds for blots and 5-7
seconds for Coomassie-stained gels.

2-D electrophoresis and spot analysis

Two-dimensional electrophoresis of proteins was performed using 11-cm Immobiline Dry Strip (GE
Healthcare) with a pH 4-7 linear gradient. Strips were rehydrated in the solubilization buffer (40 mM Tris, 8
M urea, 2 M thiourea, 2% CHAPS, traces of Bromophenol blue) to which we added 18 mM DTT and IPG buffer
(20 pl/ml). Samples were dissolved at 2 mg/ml concentration in the solubilization buffer. Strips were
rehydrated overnight in Immobiline Dry Strip Reswelling Tray (GE) and covered with the Dry Strip Cover
PlusOne (GE HealthCare) to avoid dehydration of strips. A 4-step run was done using a cooled Multiphor I
plate and an EPS 3500 XL power supply: from 0 V to 300 V in 20 minutes, 300 V for 1 h 30 min, a linear
gradient from 300 V to 3500 V for 1 h 30 min, 3500 V for 3 h 30 min. Strips were stored at -80°C or used
immediately. In both cases, strips were equilibrated for 15 minutes in equilibration buffer (50 mM Tris-HCI
pH 8.8, 6 M urea, 30% glycerol, 2% SDS, Bromophenol blue, 10 mg/ml DTT). For the second dimension, we
used precast Criterion XT 10% gels (Bio-Rad) on which strips were placed and held in the correct position by
an agarose layer. Electrophoretic run was performed with a Criterion Cell (Bio-Rad) at 200 V. Gels were
stained with Coomassie Bio-Safe (Bio-Rad) or alternatively transferred onto nitrocellulose membranes for
immunoblotting.

Analysis of spots in 2-D gels and blots was performed using the Spot Detection Wizard of PDQuest
(Bio-Rad) by initially selecting the weakest protein spot and the larger protein clusters. Subsequently, spot
analysis was improved manually by adding unidentified spots and by removing incorrect signals. After
creating a Master (virtual) gel, spots were matched to determine qualitative and quantitative differences.
For immunoblotting, acquisition and measurements were made using the same conditions (exposure time,



selection of parameters and scan settings) to minimize the variability of results. Image acquisition was
followed by background subtraction. Spot quantization was made using the Spot Volume command of the
Quantity One software, which returned results in the form of Adjusted Volume. For statistical analysis of
immunoblots, each experiment was repeated 2 times while measures were performed 3 times by different
operators. To compare data, we used the Student t-tests of Microsoft Excel. Differences were significant for
P <0.05 and for P £ 0.01 (as indicated by one or two asterisks in the graphs).

Kymograph analysis of pollen tubes

Pollen tubes were observed using an inverted microscope (Nikon) Diaphot TMD with a 40X objective. Video
sequences were captured using a CCD camera C2400-75i Hamamatsu (Hamamatsu Photonics) connected to
Argus-20 (Hamamatsu) and then to a video capture system (Cai et al. 2000). Pollen tubes were monitored for
about three hours and video clips were captured in MPEG-2 at a resolution of 720x576 pixels using the
software PCTV Center. MPEG-2 files were converted into AVI (MJPEG compression) by the software
VirtualDub (http://virtualdub.org/) and then opened in Image) software
(http://rsbweb.nih.gov/ij/index.html). Video sequences were analyzed by the plug-in Kymograph to measure
the speed of moving objects in a series of images. We analyzed and measured the gray values in a given
region of interest (ROI) selected manually for each frame in the image series. A new image (a kymograph or
space-time graph) is generated, in which the X-axis is the time axis (the unit is represented by the frame
interval) and the Y-axis indicates the movement rate of ROI (the unit of measurement is the distance traveled
by the object in pixels). The speed of objects can be measured directly by the plug-in. At least 20 pollen tubes
for each sample were analyzed.

Fluorescence microscopy and measurement

For actin labeling, pollen tubes of tobacco were grown for 3 hours, fixed and permeabilized in 100
mM Pipes pH 6.9, 5 mM MgS04, 0.5 mM CaCl2, 0.05% Triton X-100, 1.5% formaldehyde, 0.05%
glutaraldehyde for 30 min (Lovy-Wheeler et al. 2005). Samples were washed twice with the same buffer
described above except that the pH was 7 and it contained 10 mM EGTA and 6.6 uM Alexa 543-phalloidin
(InVitrogen). Samples were placed on slides and covered with a drop of Citifluor.

Indirect immunofluorescence microscopy in pollen tubes was performed according to standard
procedures (Persia et al. 2008; Cai et al. 2011). Briefly, the protocol involves the following steps. After fixation
with 3% paraformaldehyde in PM buffer (50 mM PIPES, pH 6.9, 1 mM EGTA, 0.5 mM MgCI2) for 30 min,
samples were washed with PM for 10 min and then incubated with 1.5% cellulysin for 7 min in the dark. After
two washes with PM, samples were incubated with the primary antibodies. The anti-sucrose synthase
antibody (Heinlein and Starlinger 1989) was used at 1:100 dilution while the anti-tubulin B-5-1-2 was used at
1:300. Antibodies were incubated at 4°C overnight. Following two washes with PM, samples were incubated
with either goat anti-rabbit or goat anti-mouse secondary antibodies conjugated to Alexa Fluor 488
(Invitrogen) diluted 1:150 for 45 min in the dark. After two washes in PM, samples were placed on slides and
covered with a drop of Citifluor. For actin and antibody labeling, observations were made using a microscope
Zeiss Axio Imager with a 63x objective. Images were acquired with an AxioCam MRm camera using the
software AxioVision. Images of higher quality were obtained using the Apotome module. In controls, primary
antibodies were omitted.

To evaluate the orientation of actin filaments in the pollen tubes, we used the plugin FibrilTool under
ImageJ (Boudaoud et al. 2014). The plugin allows the quantitative description of the anisotropy of fibers and
their average orientation in cells. For pollen tubes, we selected three distinct areas: the hemispherical dome,
the following 5 um segment (approximately the subapex region) and two large segments in the pollen tube



shank. We applied the predefined settings of the plugin. Analysis was performed on at least 10 different
randomly-selected pollen tubes (for both control and treated samples) with equivalent length.

The vesicular trafficking at the pollen tubes apex was monitored by analyzing the GFP-labeled Rab11b
protein. Rab11b is a member of the Ras superfamily that probably regulates the traffic of Golgi vesicles to
the cell membrane and the recycling of vesicle at the pollen tube apex (de Graaf et al. 2005). Tobacco plants
stably transformed with Rab11b-GFP were kindly provided by Prof. Alice Cheung (Department of
Biochemistry and Molecular Biology, University of Massachusetts, Amherst) and seeds were treated as
described in Cai et al. (2011). Pollen tubes germinated from heat-stressed pollen grains were observed by
fluorescence microscopy. The signal intensity was measured in 2 um-segments starting from the pollen tube
tip with Image) software.

Labeling of cell wall-secreted material was performed using the Pl staining as described in Rounds et
al. (2014). It is suggested that Pl binds pectin and that it might indicate the deposition of new cell wall
material, mainly pectins.

Immunogold electron microscopy and particle counting

Immuno-gold labeling on tobacco pollen tubes was performed according to the protocol described in Li et al.
(1995). The antibody to sucrose synthase was used at the dilution of 1:200 in 50 mM Tris-HCI pH 7.6, 0.9%
NaCl, 0.1% Tween-20, 0.2% BSA. The goat secondary antibody was conjugated with 15 nm-gold particles
(BioCell). Images were captured with the transmission electron microscope (TEM) Philips Morgagni 268 D set
at 80 kV and equipped with a MegaView |l CCD Camera (Philips Electronics, Eindhoven, The Nederlands).
Samples were incubated with a blocking serum for 20 min at room temperature to prevent binding to
nonspecific sites. Sections were incubated with the primary antibody for 1 hour and then washed (3-4 times)
in 50 mM Tris-HCl pH 7.6, 0.9% NacCl, 0.1% Tween 20 for 30 min. After drying, samples were incubated with
the gold-conjugated secondary antibody for 15 min at room temperature. After washing for 30 min and in
H,0 for 10 min, sections were counterstained with 2% uranyl acetate in H,O for 10-20 min, carefully washed
in H,O for 15 min and then counterstained with lead citrate for 5-10 min. For counting gold particles, we
saved several EM images and each image was imported into Imagel. Scaling was done using the scale bar
generated by the microscope software (AnaliSYS). Images were subjected to threshold to easily visualize gold
particles. Using the free-hand selection tool, we selected the cell wall region and the counting of gold
particles was automatically done by the software. Simultaneously, we also measured the area of the cell wall
region.

RESULTS
Germination rate and length of pollen tubes are affected by heat stress

We initially measured the germination rate and length of pollen tubes (Figure 1) to provide information on
the effects exerted by heat stress on two basic features of pollen tubes. Changes to the germination rate and
length of pollen tubes from heat-stressed pollen grains were discernable at the optical microscope when
compared to controls. While untreated pollen tubes exhibited a typical germination rate and tube length
(Figure 1A, top left), pollen grains stressed at three different temperatures (35°C, 37°C and 40°C) showed a
comparable reduction in both germination rate and length. To statistically evaluate both parameters, we
measured the germination rate and length of several pollen tubes (at least 50 for each condition) (Figure 1B-
C) in the three experimental conditions. The germination rate decreased proportionally to the increasing of
temperature. The most dramatic effect was at 40°C with the germination rate that did not exceed 20%.
Comparable results were observed for tube length, which was significantly reduced at 35°C and at about one-
third at 40°C (Figure 1C).



To separate the impact of heat stress on germination and tube extension rate, we performed a heat stress
assay at 40 °C according to the protocol described above but we analyzed the germination rate and pollen
tube length at different times (up to 4 h) (Fig. 2a, b). We found that the germination rate is significantly
affected soon after the first hour of germination and that the negative impact of heat stress increased
afterwards up to 4 h of analysis (Fig. 2a). Conversely, we found that the pollen tube elongation rate was less
affected (Fig. 2b). This result is in accordance with the movement of generative cells, which was assayed to
determine if generative cells were translocated and moved in pollen tubes after heat-stressing pollen grains.
We measured the distance traveled by generative cells and we normalized the data to the pollen tube length.
Results showed that the movement of generative cells was not affected by heat treatment of pollen grains
(Fig. 2c, d, e). The percentage of germinating pollen tubes is considerably low after heat stress and this
consequently affects the number of generative cells entering pollen tubes; however, when pollen tubes
germinated for at least 4 h, generative cells moved into pollen tubes and covered a similar distance in
comparison to control pollen tube.

The growth rate of pollen tubes was also analyzed by kymograph analysis. In control pollen tubes
(Figure 3A), the growth speed was constant as shown by the linearity of kymograph profile. The typical
oscillation of growth (slower phases of growth preceded/followed by peaks of fast growth) can be seen in
the inset. When pollen grains were heat-stressed before germination (Figure 3B), the growth speed is still
constant as shown by kymograph linearity but significantly lower than controls. In addition, we did not detect
any indication of oscillated growth.

The relative quantity of actin, tubulin and HSP70 is slightly affected by heat stress

Members of the heat-shock protein family are common players in the response of eukaryotic cells to heat
stress. Therefore, we analyzed the presence and abundance of one subfamily, the HSP70 specifically.
Immunoblot analysis with HSP70 antibody on both cytosolic and membrane protein fractions from control
(RT, room temperature), 35°C and 40°C heat-stressed pollen extracts (Figure 4A) revealed comparable signals
in both extracts. In all samples, the antibody cross-reacted with a single band around 70-75 kD. The signal
intensity was generally higher in cytosolic fractions (lane 8, 9 and 10 in Figure 4B) than in membrane fractions
(lane 11, 12 and 13). No quantitative differences between samples were observed because the measurement
of blot intensity showed that the relative amount of HSP70 was comparable in the cytosolic protein fractions
(S) with the exception of the 40°C treatment where the amount of HSP70 slightly decreased (Figure 4D). In
membrane fractions obtained after heat treatment (P), the relative amount of HSP70 was unaffected (Figure
4D). We also checked the relative amount of tubulin and actin, the two main cytoskeletal proteins (Figure
4C). Immunoblot against tubulin and actin was performed on cytosolic proteins extracted from pollen tubes
after heat-stressing pollen grains at 40°C. Tubulin was consistently found in both control (lane 1) and heat-
stressed (lane 2) pollen although the amount in heat-stressed samples was seemingly lower. On the contrary,
the amount of actin as detected by immunoblot with anti-actin antibody was very similar between control
(lane 3) and 40°C-stressed cytosolic proteins (lane 4). Blot images were confirmed by relative quantization of
signals (Figure 4E). The blot intensity of tubulin in 40°C-stressed samples (gray bar) was statistically lower
than the amount of tubulin in untreated samples (black bar). Conversely, the amount of actin was invariable
between heat-stressed and control samples (Figure 4E).

Heat-stressed pollen tubes accumulate different actin and tubulin isoforms

To deepen the results obtained after 1-D electrophoresis, we separated cytosolic proteins by 2-D
electrophoresis (Figure 5A). Representative 2-D gels of cytosolic proteins from control (left) and 40°C-
stressed pollen (right) along with a 4-7 pH gradient revealed a comparable spot pattern. However, several
differences could be detected. The total number of spots in control and treated samples was equivalent but



about 10% of spots were found only in controls (examples indicated by arrows) and around 20% were typical
of treated samples (as indicated by arrowheads). When examining common spots with significant differences
(namely, spots showing an integrated density more than twice or less than half of corresponding spots in the
other sample), we found that 15% of spots were over-expressed in heat-stressed pollen (examples indicated
by circle). Correspondingly, about 18% of common spots were over-expressed in control pollen (examples
indicated by box).

The analysis of tubulin by 2-D electrophoresis and immunoblotting revealed a certain number of
differences (Figure 5B). When compared to controls (top panel), heat-stressed samples (bottom panel)
showed a peculiar pattern of spots. While we detected three spots in control samples (pH range 4.5-5), spot
1 and 2 almost disappeared in heat-stressed samples and spot 3 increased considerably. In addition, four
other spots were detected (spot 4, 5, 6 and 7). The relative quantification of single spots from three
independent blots confirmed the analysis and highlighted the presence of new tubulin spots after heat stress
(Figure 5C).

Immunoblot analysis with anti-actin antibody in both control (Figure 6A, top panel) and heat-stressed
samples (bottom panel) showed that the isoform pattern of actin also changed. In control samples, we
detected seven distinct spots ranging around pH 5.5-6. Spots were characterized by relative different
intensities. In heat-stressed samples (bottom panel), we usually found the same protein spots already
identified in controls with the addition of extra spots thereby reaching a total of 13 actin spots. Additional
spots were found in both basic and acidic regions. When we relatively quantified the blot intensity (Figure
6B), spot 1 was essentially typical of controls whereas spots 8-13 were basically expressed in heat-stressed
pollen. Other spots (from 2 to 7) might be considered as equivalent between the two test conditions
(variations occurred within experimental error). Some spots (such as spot 1 in controls) appeared to split in
two distinct spots (1 and 10 in stressed samples); other spots (such as 12 and 13) appeared as typical of
stressed conditions.

Microtubules change drastically in response to heat stress while only the subapical actin array changes

Analysis of tubulin distribution revealed considerable changes to microtubule organization. In controls, the
microtubule pattern was essentially comparable to the one described in the literature with microtubules
lining along the main axis of pollen tubes, sometimes with helical arrangements (Figure 7A1-A2). In the apex,
microtubules were usually absent and could be detected only up to 20-30 um from the tip. The apical dome
generally showed a diffuse signal likely indicating unpolymerized tubulin (Figure 7A3). In pollen tubes
germinated from heat-stressed pollen grains, microtubules showed dramatic alterations because they
appeared depolymerized and fragmented and even absent in some cases (Figure 7B1-B2). A diffuse signal
was often detected. In the apex, we observed short, fragmented or dotted-like microtubules essentially
distributed in the cell cortex (Figure 7B3).

We visualized actin filaments in control and pollen tubes from heat-stressed pollen grains to correlate
the electrophoretic profile with the organization of this cytoskeletal component. Apparently, we did not
observe clear differences between control and heat-stressed pollens. Actin filaments were arranged as short
and irregular in the apical region while they were organized as longer longitudinal filaments in the pollen
tube shank. To appreciate more subtle differences, we performed a software-based analysis of actin
filaments using the plugin FibrilTool running under ImagelJ (Figure 8A1-A4 for control; Figure 8B1-B4 for heat-
stressed samples). The plugin can determine the anisotropy of filamentous structures such as actin filaments,
microtubules and cellulose microfibrils. We subdivided pollen tubes into four district segments: the
hemispherical dome (n. 1), the subsequent 5-um segment (roughly corresponding to the subapex, n. 2) and
two longer segments in the pollen tube shank (n. 3-4). Statistical analysis in the four segments show no clear
differences in the anisotropy of actin filaments (Figure 8C) with the exception of the subapical domain



(segment 2). Here, the anisotropy of actin filaments was significantly higher in heat-stressed samples
compared to controls. Conversely, other regions showed comparable values suggesting that the main
difference in actin organization might occur in the subapex of heat-stressed pollen tubes.

Apex-localized vesicles are distributed differently

A differential organization of actin in the subapical region of pollen tubes might have consequences on the
redistribution of membrane-bound structures, primarily secretory vesicles. To assess this, we used pollen
tubes expressing a GFP-tagged Rab11b protein, which is associated with Golgi-derived vesicles. In controls,
GFP-labelled vesicles accumulated consistently in the hemispherical dome with an inverted cone shape
(Figure 9A). Superficially, the distribution of vesicles in heat-treated samples was comparable and no
macroscopic differences were observed (Figure 9B). However, we also measured the fluorescence intensity
of GFP-labelled vesicles in several 2-um segments starting from the tip (Figure 9C). We observed statistically-
significant differences from segment 5-6 to 10, corresponding to about 10 to 20 um from the tube tip. In this
area, the fluorescence intensity was significantly lower than controls suggesting that a smaller amount of
Golgi-derived vesicles accumulate in the subapex/shank of pollen tubes.

As an additional indicator of vesicle-based secretion, we also monitored the Pl labelling of pectins. In
controls, Pl-stained pectins mostly accumulate in the apical and subapical cell wall. This pattern is consistent
with the typical distribution of newly-synthetized and secreted pectins (Figure 9D with inset). Unlike controls,
pollen tubes from heat-stressed pollen grains showed a remarkable difference as Pl-labelled pectins do not
accumulate with a gradient-like distribution. The content of Pl-labelled pectins was relatively similar between
the apex/subapex and the shank of pollen tubes indicating no preferential secretion/accumulation of newly-
synthetized pectins (Figure 9E1-E2). Measurement of Pl-labelled pectins along the cell border of different
pollen tubes showed that in controls Pl-labelled pectins accumulate primarily in the apex/subapex (roughly
corresponding to the first 20 um of pollen tubes) (Figure 9F). In heat-stressed samples, this gradient-like
distribution is lost and pectins accumulate in different regions.

The marker protein sucrose synthase accumulates differently in cell compartments

As the cytoskeleton is the track system along which vesicles and organelles move, we analyzed one
exemplifying protein (sucrose synthase) whose presence, relative abundance and distribution is dependent
on the activity of both cytoskeleton and membrane system. The rationale is that the vesicle-based delivery
of proteins might be affected by heat-induced alterations to the cytoskeleton.

At first, we investigated the distribution of sucrose synthase in control and heat-stressed pollen tubes
by immunocytochemical analysis (Figure 10). Controls (A) showed the typical cortical distribution of the
enzyme, less intense in the apical region and gradually more intense in distal regions; as described in the
literature, sucrose synthase of pollen tubes is localized essentially in the cell edge presumably in association
with the plasma membrane and cell wall. The distribution of sucrose synthase in heat-stressed samples was
remarkably different because the enzyme was also consistently found in the cytosol as a diffused and
irregular signal. Signal aggregates were often observed (arrows) (Figure 10B, C, D). The level of cortex-
associated enzyme was usually lower in comparison to controls. Apparently, the heat shock can induce a
substantial redistribution of sucrose synthase, which seems to lose its typical cortical localization and appears
to aggregate inside the cell.

To get more information on the changes of sucrose synthase distribution, we also analyzed the
relative content of the enzyme by immunoblot analysis on proteins extracted from the cytosolic, membrane
and cell wall compartments (Figure 10E). Blot results confirmed that sucrose synthase in heat-stressed
samples accumulated more consistently in the membrane fraction and in the cytosol but much less in the



cell wall fraction. This suggests that the heat shock of pollen grains caused a redistribution of sucrose
synthase in pollen tubes.

We focalized our attention on the cell wall-associated protein fraction, which were isolated by a
sequential extraction protocol (Figure 11A) based on the serial washing with 0.15 M NaCl, 1 M NaCl and 2%
SDS. We compared the control incubated at room temperature (RT) to the 40°C-stressed sample (HS).
Samples were similar in polypeptide composition (differences are indicated by dots for lanes 1, 2 and 6) but
specific changes were more evident when proteins were assayed by immunoblot (Figure 11B). Antibodies to
sucrose synthase (Sus) revealed that the cell wall-associated protein decreased substantially in heat-stressed
samples extracted by 0.15 M NaCl and 1 M NaCl. A statistically significant reduction in NaCl-extracted protein
fractions was confirmed by measurement of blot intensity for sucrose synthase (Figure 11C). The signal of
sucrose synthase in the 2% SDS fraction is neglectable in both cases.

Differential accumulation of sucrose synthase corresponds to an altered distribution

To get more information on the localization of sucrose synthase in relation to heat treatment, we analyzed
the subcellular distribution of the enzyme by immunogold labeling techniques (Figure 12). In control pollen
tubes, sucrose synthase was found essentially in association with the plasma membrane (black arrow) and
with the cell wall (white arrow). The two images (Figure 12A-B) were taken in the subapical region of pollen
tubes. When samples were heat-stressed at 40°C (Figure 12C-E), gold particles were mostly found in
association with intracellular membranes. We observed gold particles in association with the endoplasmic
reticulum (C, arrow) but most of gold particles were found on the edge or just within vesicular structures (D,
arrow). We do not know the identity of such membrane-bound structures but we hypothesize they may
represent components of the endosomal/vacuolar system. One of the most striking difference with controls
was represented by the very low number of gold particles in association with the plasma membrane or in the
cell wall of pollen tubes (E, subapical region). Gold particles are conversely detected in the cytoplasm.

To get more deeply into differences, we measured the number of gold particle into the cell wall of
both control and treated samples. We found a consistent difference because controls exhibited 78 + 12 gold
particle per um? while stressed samples showed only 29 + 8 gold particle per um?. The heat-stressed samples
reasonably contained a lower level of sucrose synthase in the cell wall.

DISCUSSION

Heat stress can affect a number of cellular and physiological processes ranging from cell growth to
macromolecule interactions. As the increase in global temperature is ongoing, understanding how heat stress
can affect cell mechanisms is important for selecting plants more suitable for a changing environment.
Reproduction is a critical step in the life cycle of every living organism including plants and it is known
that heat stress can affect pollen development and therefore can reduce plant fertility (Lu et al. 2009; Zinn
et al. 2010). Although it is not clear in detail how heat stress affects pollen tube development, fertilization is
dramatically reduced by heat stressing pollen germination and pollen tube growth (Zinn et al. 2010). The
literature reports that heat stress can affect two important processes in the formation of pollen grains,
microsporogenesis and microgametogenesis, and also cause histological and cytological defects in anther
tissues (Hedhly 2011). The severity of male infertility depends on the developmental stage affected by
thermal stress, with the most sensitive stages being meiosis and the last phase of mitosis (Saini et al. 1983;
Vara Prasad et al. 2001; Vara Prasad et al. 2003). Injuries can lead to reduced seed production (Young et al.
2004) and fruit-set. At the level of pollen tubes, preliminary analysis on tobacco showed that high
temperatures decreased tube growth by about 50% at 35°C and almost completely at 40°C or above. Heat
treatment induced several ultrastructural changes on the organization of endomembranes such as the rough
endoplasmic reticulum, vesicles and Golgi bodies, and mitochondria (Kandasamy and Kristen 1989). Effects



on pollen tubes at the level of germination rate and tube length might also depend on the species as well as
on the cultivar analyzed (Ledesma and Sugiyama 2005). Several studies carried out on pollen tubes suggested
that the male gametophyte can be used for selecting plant species more tolerant to heat stress (Liu et al.
2006; Petkova et al. 2009).

In the present study, we analyzed the development of pollen tubes when heat stress is applied to
pollen grains. Information indicate how pollen tubes might suffer from treatment of pollen grains and how
pollen grains might repair damages in order to produce functional pollen tubes. We specifically focused on
the cytoskeleton and protein delivery. The cytoskeleton is critical for many cellular processes. In pollen tubes,
it supports growth by modulating the delivery of several components to the apical domain and by regulating
the proper assembly of the cell wall (Cai et al. 2014). We consequently monitored how heat stress affects the
expression and arrangement of cytoskeletal proteins and the delivery of proteins targeted to specific cell
sites. We found that heat stress affected both pollen tube germination and growth and that actin filaments
and microtubules are affected in terms of isoform accumulation and organization. These changes likely
reflect on the dynamics of organelle movement, which therefore might have consequences on the delivery
of proteins.

In this work, analysis of HSP70 was essentially performed as control. Several data report that HSPs
are not involved in the response of pollen grains to heat stress. For example, it was shown that the expression
of HSP100 is not thermoinducibile in mature pollen (Young et al. 2001). This is consistent with the evidence
that other HSPs (such as HSP90, HSP70 and HSP60) are only expressed during early stages of pollen
development (Marrs et al. 1993; Magnard et al. 1996). Consequently, the expression of HSP100 and of other
HSPs in mature pollen is likely insufficient to counteract the effects caused by heat stress (Mascarenhas and
Crone 1996). Here, the content of HSP70 does not change during heat treatment in both cytosolic and
membrane compartments of pollen tubes. This finding suggests that HSPs are not critically involved in
protecting the pollen tube proteome from heat stress. Another interpretation is that additional mechanisms
activated at the level of pollen grains might be sufficient to allow a certain rate of tube germination;
consequently, higher levels of HSP70 are no more requested in pollen tubes.

The current literature reports several data on the susceptibility of actin filaments to heat stress. It
should be considered that most of data were obtained by observing actin filaments under direct stress
conditions whereas in the present study we analyzed actin dynamics after heat stress. In Arabidopsis
thaliana, thermal stress can induce drastic rearrangement of the actin cytoskeleton, which can recover its
original conformation upon cessation of heat treatment. This suggests that damages induced by heat shock
are not permanent and that actin filaments are sufficiently dynamics to return to the initial organization
(Mdller et al. 2007b). Comparable effects were also described in tobacco BY-2 cells in which heat shock
affected the polymerization state of actin filaments and also induced a reduction of actin content after 16
hours of treatment (Malerba et al. 2010b). In our study, we did not observed reduction of actin content but
rather a change in the utilization of actin isoforms. Changing the actin isoforms might be an adaptation of
cells to heat stress that occurs before pollen tubes germinate. Up- and down-regulation of actin isoforms
have been reported in non-plant systems such as marine invertebrates of the Ciona genre under heat shock
treatment (Serafini et al. 2011). This suggests that utilization of more adaptive actin isoforms might be a
strategy used to counterbalance the effects induced by heat treatment. Accumulation of specific actin
isoforms might not be specific for heat stress because it was also observed in soybean seedlings subjected to
drought-stressed (Mohammadi et al. 2012).

Pollen tubes that germinate from heat-stressed pollen grains exhibited a comparable content of actin
and a similar actin organization. However, small but critical differences might be detected in the subapical
region of pollen tubes. Here, actin filaments exhibited a higher anisotropy resulting in more directed actin
filaments. Although this might be a minor difference, the organization of actin filaments in the subapex is
critical because this area is the boundary between the long actin filaments in the shanks and the more



dynamic actin network in the apex (Cardenas et al. 2005). Actin filaments in the subapex are likely involved
in controlling the spatial distribution of organelles and in focusing secretory vesicles in the apical dome. In
most species, the subapex contains the actin fringe (in tobacco the actin fringe is closer to the tip), a dynamic
ordered actin structure that oscillates in relationships with pollen tube growth. The dynamics of actin fringe
likely controls the speed of pollen tube growth (Lovy-Wheeler et al. 2005; Dong et al. 2012). The higher level
of anisotropy as observed in our study indicates that the actin fringe might be less dynamic. This could impair
the way the pollen tube grows and this hypothesis is confirmed by the absence of growth oscillation as
observed using kymograph analysis. The absence of the fast growth step might reduce the overall extension
rate of pollen tubes thereby causing a strong reduction in tube growth.

It is currently difficult to correlate the changes in actin isoforms to the different anisotropy of actin
filaments in the subapex. No data are available on the utilization of different actin isoforms in the pollen
tube. Therefore, we may simply speculate that changes in actin isoforms may somewhat impair the proper
organization of actin in the subapex. An orchestra of several actin-binding proteins, which might bind
differently to specific actin isoforms, performs regulation of actin dynamics in the apex/subapex of pollen
tubes.

This small but critical difference in actin organization unlikely have important consequences on
organelle movement. The distribution of actin filaments in the shanks is not affected and some preliminary
observations indicate that the pattern and speed of organelles is not modified (data not shown). Conversely,
distribution of vesicles in the apex might suffer from changes to the subapical actin organization. In support
of this, Rab11b-labelled vesicles showed a moderate change of distribution as they are more/less focused in
the subapex. Although not extremely evident, difference in vesicle distribution might reflect changes to the
dynamics of vesicles in the apex thereby contributing to reduce the tube growth rate. In support of this
hypothesis, the actin fringe has been proposed as a regulator of organelle dynamics at the apex/subapex
interface (Hepler and Winship 2014). One hypothesis suggests that vesicles might accumulate consistently in
the tube apical side corresponding to a less extended actin fringe. Therefore, if the dynamics of actin fringe
is altered, vesicle focusing and fusion might also be impaired.

An indirect confirmation of altered vesicle distribution and dynamics can be found in changes to
pectin distribution. Although Pl is not a specific marker of pectins, its capacity to co-localize with newly-
synthetized cell wall in pollen tubes makes Pl an excellent tool to visualize the deposition of pectins (that are
the first cell wall component to be secreted) (Rounds et al. 2014). Heat-stressing pollen grains resulted in an
altered profile of pectins in the apex of pollen tubes. While pectins accumulate mostly in the cortical apex
and subapex of control pollen tubes, heat stress induced a uniform distribution of pectins. Although the
correlation with altered vesicle dynamics is not immediate, the change in pectin deposition matches the
absence of pulsed (oscillated) growth of pollen tubes. An irregular deposition of pectins is often correlated
with changes to tube growth because a correct pulsed growth is directly dependent on the interchange
between vesicle-based secretion of methyl-esterified pectins and conversion into acidic pectins (McKenna et
al. 2009; Fayant et al. 2010; Biagini et al. 2014). Consequently, pollen tubes from heat-stressed pollen grains
show non-pulsed growth that might be related to changes of the subapical actin array.

It is not known how microtubules are involved in tube growth. Nevertheless, depolymerization of
microtubules might affect the oscillation rate of pulsed growth (Geitmann et al. 1996). Consequently, we
analyzed the pattern of tubulin isoforms by 2-D electrophoresis and the distribution of microtubules. Results
observed in control and heat-stressed samples were in line with changes detected for actin isoforms. Heat
stress at the level of pollen grains might induce a different utilization of tubulin isoforms in pollen tubes,
which may highlight an adaptation of cells to different thermal conditions. In tobacco suspension cells,
treatment at 42°C caused severe damages to different microtubule arrays. Damages are reversible and are
not correlated to the activity of heat- shock proteins (Smertenko et al. 1997). Therefore, microtubules appear
susceptible to heat stress. Recovery of microtubules in a time-dependent manner was also observed in



epidermal root cells of Arabidopsis thaliana suggesting that the alteration of microtubules is not an
irreversible effect and that tubulin subunits are not permanently modified (Mdller et al. 2007a).
Nevertheless, a protective activity of HSPs might be required to facilitate the assembly of microtubules. In
animal systems, HSP90 was shown to protect tubulin subunit from denaturation thus facilitating the correct
aggregation of subunits into nascent microtubules (Weis et al. 2010). Comparable studies in the alga
Chlamydomonas indicated that the a HSP70/HSP40 chaperone might be required for the thermal stability of
microtubules (Silflow et al. 2011). Evidences that different tubulin isoforms might be essential for the survival
of heat-stressed cells are lacking; however, different expression patterns of tubulin were recorded when root
cells of rice are subjected to drought stress (Mirzaei et al. 2012). This example indicates that altered growth
conditions might affect the expression of tubulin leading to the utilization of isoforms most adapted to stress
conditions. Unlike heat stress, more information are available for cold stress. In that case, cold treatment
resulted in depolymerization of microtubules and formation of more resistant cold-stable microtubules; this
implies changes in the expression pattern of tubulin (Abdrakhamanova et al. 2003). A different tubulin
pattern in 2-D electrophoresis might result from either a different gene expression or post-translational
modification of pre-expressed tubulins. In plants, different tubulin genes are expressed according to specific
developmental pathways while post-translational modifications are often used for cell-based functions such
as interactions with microtubule-associated proteins (Parrotta et al. 2013a). Post-translational modifications
include addition/removal of different chemical groups such as phosphate or tyrosine. Modification of pre-
existing tubulins might affect the way microtubules interact with other proteins and, more generally, the
behavior and dynamics of microtubules. It is therefore expected that stressed cells might use different
assortments of tubulins according to the different cell environment.

Changes to the cytoskeleton in terms of actin/tubulin isoforms and organization might have consequences
on proteins whose localization depends on the cytoskeleton integrity and dynamics. Proteins might acquire
a specific cell localization either because they are transported and delivered by cytoskeleton-interacting
membranes or because they interact directly with the cytoskeleton. To assess such effect we analyzed a
protein (the enzyme sucrose synthase) that is known to associate with cytoskeleton-interacting vesicles and
with actin filaments (Cai et al. 2011).

Sugars and their metabolizing enzymes (like sucrose synthase) are critically involved in the response of plants
to heat stress because sugar-metabolizing enzymes can change the level of sugars functioning as either
protectant or signaling molecules (Ruan et al. 2010). Sucrose can act as osmoprotectant in maintaining the
integrity of cell membranes under heat stress. In addition, the content of sucrose is directly correlated with
the accumulation of starch in the pollen grain. In cereals, accumulation of starch is the result of complex
enzymatic processes dependent on sucrose synthase and soluble starch synthase (Morell et al. 2001). High
temperatures seem to reduce the activity of these enzymes (Sakurai et al. 2007). In general, thermal stresses
causes down-regulation of several genes important for the development of the male gametophyte including
invertase-encoding genes (Sato et al. 2006). Inhibition of invertase results in the accumulation of sucrose but
in the lower availability of glucose and fructose, which might be conversely required for the synthesis of other
carbohydrates necessary for the growth of pollen tubes.

Sucrose is cleaved in plant cells by two distinct enzymes, invertase and sucrose synthase. We investigated
the content and distribution of sucrose synthase because the enzyme is associated with the vesicular
compartment of pollen tubes (Persia et al. 2008; Cai et al. 2011), is involved in providing metabolites for the
synthesis of cell wall polymers (Salnikov et al. 2003) and associates with the cytoskeleton (Winter et al. 1998).
In addition, accumulation and activity of sucrose synthase may correlate with the heat stress response
(Pressman et al. 2006). We found that sucrose synthase was affected in terms of content and distribution. A
notable finding was the consistent decrease of sucrose synthase in the cell wall as confirmed by both
immunoblot assays and microscopy analysis. This finding clearly shows that, after heat shock of pollen grains,
sucrose synthase redistributes differently in pollen tubes.



Although sucrose synthase might take part in the response of plants to heat stress, the molecular details are
not clear. In maize kernels, heat stress caused a reduction in the expression of sucrose synthase genes
without affecting enzyme activity (Duke and Doehlert 1996). A non-significant change in sucrose synthase
activity after heat shock was also reported for potato shoots (Lorenzen and Lafta 1996). No specific increase
of sucrose synthase activity was detected after heat stressing the reproductive organs of thermo-tolerant
lines of tomato (Li et al. 2011). In contrast, increase of sucrose synthase activity was reported during the
development of tomato anther subjected to heat stress (Pressman et al. 2006). Accumulation of sucrose
synthase was found in a thermo-tolerant Agrostis grass species suggesting that the hydrolyzing capacity of
sucrose synthase may provide metabolites used as thermo- protectant factors (Xu and Huang 2008). Changes
in sucrose synthase activity was also correlated with altered levels of starch in developing grains of wheat
between heat-tolerant and heat-susceptible cultivars (Yan et al. 2008). In a comparable study in wheat, the
activity of sucrose synthase fluctuated in accordance with the timing of heat stress by increasing at the
beginning of heat treatment and decreasing in later stages of heat shock (Zhao et al. 2008). Another study in
wheat pointed out that the activity of sucrose synthase could be repressed by treatment at high temperature
(Asthir et al. 2013). A moderate increase of expression and activity of sucrose synthase was also described in
alfalfa leaves subjected to heat stress (Mo et al. 2011). In the cambial zone of Populus tremula, heat stress
also caused a decrease in sucrose synthase content (Durand et al. 2012) and decrease of sucrose synthase
activity was described in chickpea (Kaushal et al. 2013). The enigmatic response of sucrose synthase is
confirmed by analysis of tomato leaves subjected to heat stress; in such case, activity of sucrose synthase
and sucrose phosphate synthase increased continuously but the activity of invertase decreased.
Consequently, the content of fructose, glucose, and sucrose decreased but the content of starch increased
in stressed plants (Zhang et al. 2012). Apparently, it is not yet possible to formulate a hypothesis applicable
for all tissues/organs of plants.

In the pollen tube, starch is hydrolyzed to simple carbohydrates for supporting pollen tube growth.
Therefore, the role of sucrose synthase is likely related to the catabolism of sucrose into UDP-glucose, which
is required for the synthesis of both cellulose and callose. One hypothesis suggests that the biosynthesis of
cell wall polymers might require a form of sucrose synthase associated with the plasma membrane and/or
the cell wall (Persia et al. 2008; Brill et al. 2011). Consequently, synthesis of cell wall in tip-growing cells could
determine the association of sucrose synthase with the plasma membrane or the cell wall. Under condition
of heat stress, more energy could be required for the metabolism of pollen tubes and consequently less
energy might be allocated to cell wall synthesis and growth. In Gossypium hirsutum pistils, pollen tube growth
under heat stress is likely dependent on the availability of carbohydrates (Snider et al. 2011b) suggesting that
the content of soluble carbohydrates inside the pollen tube is a critical parameter controlling tube growth.
In the attempt to rebalance the carbohydrate content, sucrose synthase could be redirected to the
cytoplasmic form or alternatively remained quiescent in the endomembrane system. By preventing the
association of sucrose synthase with the plasma membrane or its secretion into the cell wall, pollen tubes
might reduce the level of cell wall synthesis. It is known that the transition from membrane-associated to
cytosolic sucrose synthase is dependent on the phosphorylation of specific amino acids (Hardin et al. 2004).
Several evidences also suggest that the response of plants to heat shock is also articulated through changes
in kinase/phosphatase activity targeted to HSFs (Mittler et al. 2012). Although we did not measure the level
of phosphorylated proteins, we may assume that the altered activity of kinases/phosphatases might affect
the distribution of sucrose synthase. In addition, phosphorylation also regulates the binding of sucrose
synthase to actin filaments, which may in turn affect the intracellular localization of the enzyme (Duncan and
Huber 2007). Changes to vesicle delivery might also affect the distribution of sucrose synthase and therefore
might impair the synthesis of cell wall. This suggests that changes in the distribution of sucrose synthase may
reflect an adaptation of pollen tubes to new environmental conditions imposed by deactivation/inhibition of
metabolic pathways at the level of heat-stressed pollen grains.
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Figure 1. Germination rate and tube length of heat-stressed pollen grains. (A) Representative microscopy
images of pollen grains germinated after incubation at room temperature (control), at 35, 37 and 40 °C. Bars:
100-150 um. (B) Germination rate (%) of pollen grains after incubation at room temperature (control), 35, 37
and 40°C. Asterisks indicate statistically-significant differences (one asterisk for p<0.05, two asterisks for
p<0.01). (C) Length of pollen tubes germinating from pollen grains incubated at room temperature (control),
35, 37 and 40°C. Asterisks indicate statistically-significant differences (one asterisk for p<0.05, two asterisks

for p<0.01).
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Fig. 2 Analysis of heat stress on germination, tube extension rate and movement of generative cells. a The
germination rate of heat-stressed pollen grains is greatly affected soon after the first hour of germination
and the effect increased up to 4 h. b The pollen tube elongation rate was less affected suggesting that heat
stress critically affected the germination step. Asterisks indicate statistically significant differences between
control and heat-stressed samples for P\0.05. c The distance traveled by generative cells was measured and
normalized to the pollen tube length. When pollen tubes germinated for at least 4 h, generative cells moved
into pollen tubes and covered a similar distance in comparison to control pollen tubes. Error bars are
standard deviation. No statistically significant differences were found for P\0.05. d Representative image of

a control pollen tube. e Representative image of a heat-stressed pollen tube. Bars 50 Im. Arrows indicate the
generative cells.



Figure 3. Kymograph analysis of pollen tubes. (A) A pollen tube germinated from pollen grain incubated at
room temperature. The dotted white line remarks the linearity of the growth profile. Inset: the growth profile
is a succession of slow growth periods interspersed by peaks of fast growth (arrows). Bars for time and length
are shown in the top left corner. (B) Kymograph analysis of a pollen tube germinated from pollen grain
treated at 40°C. Note the different speed as represented by the different length scale. Although the growth
speed is different, growth is still linear but oscillations between slow and fast growth phases are lost. Bars
for time and length are shown in the top left corner. In both A and B cases, the profile shown is representative
of different pollen tubes.
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Figure 4. Immunoblot analysis of HSP70, actin and tubulin. (A) Electrophoresis of cytosolic (lanes 2-3-4) and
membrane (lanes 5-6-7) proteins extracted from pollen tubes germinated from untreated pollen grains
(room temperature, RT) or pollen grains stressed at 35°C or 40°C. Lane 1: molecular mass standards.
Equivalent amount of proteins (30 pg) are loaded in each lane. (B) Immunoblot with the antibody to HSP70
on identical samples. (C) Immunoblot with tubulin antibody (left panel) and actin antibody (right panel) on
cytosolic proteins extracted from control pollen tubes (lane 1, 3) and pollen tubes grown from pollen grains
heat-stressed at 40°C (lanes 2, 4). (D) Relative quantitation of three different immunoblots against HSP70 on
cytosolic (S) and membrane proteins (P) from pollen tubes after control and heat-stress treatment of pollen
grains at 35 and 40°C. Asterisk indicates statistically-significant differences for p<0.05. (E) Relative
quantitation of three different immunoblots on cytosolic tubulin and actin from pollen tubes grown after no
treatment (control) and heat treatment of pollen grains at 40°C. Asterisk indicates statistically-significant
differences for p<0.05.
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Figure 5. Analysis of tubulin by bidimensional electrophoresis and blot. (A) Representative 2-D gels of pollen
tubes germinated from pollen grains incubated at either room temperature (control, left gel) or 40°C (heat-
stressed, right gel). Arrows indicate spots found only in controls while arrowheads show spots typical of
treated samples; circles highlight spots overexpressed in heat-stressed samples while rectangles mark spots
over-expressed in control pollen. Molecular mass standards are indicated on the left side, while the pH range
is in the top. Equivalent protein contents (200 pg) were loaded. (B) 2-D immunoblot of tubulin on pollen tube
extracts after incubation of pollen grains at room temperature (control, top panel) and at 40°C (heat-
stressed, bottom panel). Tubulin spots are numbered consecutively and spots with identical position have
the same number. Only the blot region containing spots is reported. (C) Average of relative percentage of
three independent tubulin blots in the two experimental conditions. Gray bars are spots present in controls
while black bars indicate tubulin spots present in heat-stressed samples.
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Figure 6. Bidimensional electrophoresis and immunoblot of actin. (A) Immunoblot analysis of actin in pollen
tubes from control (top) and heat-stressed (bottom) pollen grains. Spots are numbered consecutively. Spots
with identical position have the same number in both blots. Only the blot region with spots is reported. (B)
Average of relative percentage of actin spots from three different 2-D blots; gray bars indicate spots present
in control samples while black bars indicate spots present in heat-stressed samples. Spot number is the same
as in panel A.



Figure 7. Immunofluorescence of tubulin. (A1-A2) Immunolocalization of tubulin in control pollen tubes.
Images are Z-projects of several 500 nm-sections obtained with the Apotome module. Bar: 10 um. (A3) Detail
of the apical dome of a pollen tube. Image is a Z-project of 10 Apotome sections of 1 um each. Bar: 10 um.
(B1-B2) Distribution of tubulin in pollen tubes germinated from 40°C heat-stressed pollen grains. Images are
Z-projects of several 500 nm-sections obtained with the Apotome module. Bar: 10 um. (B3) Detail of a pollen
tube apex from heat-stressed pollen grain. Fifteen Apotome sections were used to reconstruct the Z-project.
Bar: 10 um.
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Figure 8. Analysis of actin filament orientation by FibrilTool. Pollen tubes were arbitrarily subdivided into four
segments: the hemispherical dome (segment 1), the next 5-um subapical segment (n. 2), the next 30-um
segment (n. 3) and a final 30-um segment (n. 4). The segment border is shown in yellow while the anisotropy
of fiber arrays is indicated by red lines. (A1l to A4) Pollen tubes from pollen grains incubated at room
temperature. (B1 to B4) Pollen tubes from pollen grains heat-stressed at 40°C. All images are Z-projects of
several Apotome sections of identical thickness. Bars: 10 um. (C) Statistical analysis of anisotropy from both
control (orange bars) and heat-stressed (blue bars) samples in the four segments. Asterisk indicates
statistically-significant differences for p<0.05.
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Figure 9. Distribution of Rabl1b-labelled vesicles and Pl-labelled cell wall in control and heat-stressed
samples. (A) Representative pollen tube showing Rabllb-labelled vesicles after incubation at room
temperature. (B) Representative pollen tube from 40°C heat-stressed pollen grain displaying Rab11b-labelled
vesicles. (C) Fluorescence intensity in control pollen tubes and in pollen tubes after heat stress of pollen
grains as measured for every 2-um segments (segment 1 is the closest to the tip). All measures were done in
1-um Apotome sections in central focal planes. Bars: 10 um. (D, with inset) Labelling of newly secreted cell
wall by Plin control pollen tubes. Bar: 10 um. (E1-E2) Pollen tubes from heat-stressed pollen grains as stained
by PI. Bar: 10 um. Images in D and E are central focal planes. (F) Measurement of fluorescence intensity on
the cell border of untreated (gray line) and heat-stressed pollen tubes (black line) from the apex down to 80
pum.
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Figure 10. Immunocytochemical and immunochemical analysis of sucrose synthase. (A) Distribution of
sucrose synthase in pollen tubes germinated from control pollen grains. (B, C, D) Localization of sucrose
synthase in pollen tubes germinated from 40°C heat-stressed pollen grains. Arrows indicate consistent
accumulations of sucrose synthase in heat-treated samples. Bars: 10 um. (E) Immunoblot analysis of sucrose
synthase in different protein fractions (cytosol, membranes and cell wall) from pollen tubes germinated after
incubation of pollen grains at room temperature (RT) or 40°C (HS). Identical protein contents were loaded in

each lane.
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Figure 11. Characterization of cell wall proteins from control and heat-stressed samples. (A) Electrophoretic
analysis of cell wall proteins extracted by sequential treatment with 0.15 M NaCl, 1 M NaCl and 2% SDS. RT
(room temperature): lanes from control samples. HS, lanes from heat-stressed samples. Molecular mass are
indicated on the left. Identical protein contents were loaded for each extraction treatment. Dots indicated
bands that differ significantly from the corresponding sample. (B) Immunoblot against sucrose synthase on
the same fractions as in A. (C) Relative quantitation of sucrose synthase from three different blots. Asterisks
indicate statistically-significant differences (one asterisk for p<0.05, two asterisks for p<0.01).



Figure 12. Immunogold labeling of sucrose synthase in control and heat-stressed samples. (A-B) Distribution
of sucrose synthase in the subapical region of control pollen tubes. Black arrows indicate sucrose synthase in
association with the plasma membrane while white arrows show sucrose synthase in the cell wall. Square
bracket indicates approximately the cell wall thickness. Bar in A: 500 nm; bar in B: 1000 nm. (C-E) Localization
of sucrose synthase in pollen tubes germinated from pollen grains heat-stressed at 40°C. Gold particles are
found in association with the endoplasmic reticulum (C, arrow) and with vesicular structures (D, arrow). A
very low number of gold particles were found in association with the plasma membrane or the cell wall (E,
cw). Square bracket indicates the cell wall thickness. Bar in C and E: 1000 nm. Bar in D: 500 nm.



