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Key message In vitro tomato pollen tubes show a cytoplasmic calcium gradient that oscillates with the same period 
as growth.
Abstract Pollen tube growth requires coordination between the tip-focused cytoplasmic calcium concentration  ([Ca2+]cyt) 
gradient and the actin cytoskeleton. This  [Ca2+]cyt gradient is necessary for exocytosis of small vesicles, which contributes to 
the delivery of new membrane and cell wall at the pollen tube tip. The mechanisms that generate and maintain this  [Ca2+]cyt 
gradient are not completely understood. Here, we studied calcium dynamics in tomato (Solanum lycopersicum) pollen tubes 
using transgenic tomato plants expressing the Yellow Cameleon 3.6 gene under the pollen-specific promoter LAT52. We 
use tomato as an experimental model because tomato is a Solanaceous plant that is easy to transform, and has an excellent 
genomic database and genetic stock center, and unlike Arabidopsis, tomato pollen is a good system to do biochemistry. We 
found that tomato pollen tubes showed an oscillating tip-focused  [Ca2+]cyt gradient with the same period as growth. Then, we 
used a pharmacological approach to disturb the intracellular  Ca2+ homeostasis, evaluating how the  [Ca2+]cyt gradient, pollen 
germination and in vitro pollen tube growth were affected. We found that cyclopiazonic acid (CPA), a drug that inhibits plant 
 PIIA-type  Ca2+-ATPases, increased  [Ca2+]cyt in the subapical zone, leading to the disappearance of the  Ca2+ oscillations and 
inhibition of pollen tube growth. In contrast, 2-aminoethoxydiphenyl borate (2-APB), an inhibitor of  Ca2+ released from 
the endoplasmic reticulum to the cytoplasm in animals cells, completely reduced  [Ca2+]cyt at the tip of the tube, blocked the 
gradient and arrested pollen tube growth. Although both drugs have antagonistic effects on  [Ca2+]cyt, both inhibited pollen 
tube growth triggering the disappearance of the  [Ca2+]cyt gradient. When CPA and 2-APB were combined, their individual 
inhibitory effects on pollen tube growth were partially compensated. Finally, we found that GsMTx-4, a peptide from spider 
venom that blocks stretch-activated  Ca2+ channels, inhibited tomato pollen germination and had a heterogeneous effect on 
pollen tube growth, suggesting that these channels are also involved in the maintenance of the  [Ca2+]cyt gradient. All these 
results indicate that tomato pollen tube is an excellent model to study calcium dynamics.

Keywords Calcium concentration gradient · Pollen tube growth · Solanum lycopersicum · Yellow Cameleon 3.6 · Ion 
channels · Calcium ATPases
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Introduction

Pollen tubes are essential components of sexual reproduc-
tion in higher plants. They transport and deliver the two 
sperm cells to the ovules, where fertilization takes place. 
In many species, in vitro pollen tube growth is oscillatory 
and delimited to the tip, requiring the coordination of sev-
eral cellular processes such as ion fluxes, actin dynamics, 
vesicle trafficking and cell wall synthesis. Thus, the pollen 
tube is an excellent system to study polarized tip growth, 
cell–cell communication, ion channel activity and mem-
brane and cytoskeleton dynamics. In Lilium longiflorum, a 
tip-focused  [Ca2+]cyt gradient is established and maintained 
during in vitro pollen tube growth, oscillating at the same 
period as growth, but at a different phase (Pierson et al. 
1996; Holdaway-Clarke et al. 1997; Messerli and Robinson 
1997). This gradient reaches a  Ca2+ concentration of 10 µM 
at the tip, dropping to 200 nM as close as 20 µm from the 
tip (Messerli et al. 2000). A new computational approach 
allows to estimate tip location, track growth and analyze 
calcium oscillations at pollen tube tip with subpixel resolu-
tion (Damineli et al. 2017). The use of  Ca2+ channel blockers 
or increasing  Ca2+ in the growth media interferes with the 
 [Ca2+]cyt gradient and blocks pollen tube growth. In the case 
of uneven  Ca2+ concentration at the tip, pollen tubes modify 
their growth direction toward the side where the concentra-
tion is higher (Malhó and Trewavas 1996).

The  [Ca2+]cyt gradient is controlled and maintained, 
in part, by specific  Ca2+ channels localized in the plasma 
membrane of the pollen tube tip. Ligand (cyclic nucleotide 
and amino acid)-gated channels (Frietsch et al. 2007; Song 
et al. 2009; Michard et al. 2011; Wu et al. 2011; Gao et al. 
2016), stretch-activated  Ca2+ channels (Dutta and Robinson 
2004; Hamilton et al. 2015) and voltage-dependent chan-
nels (Wang et al. 2004; Shang et al. 2005; Qu et al. 2007) 
are involved controlling the entry of extracellular  Ca2+ into 
pollen tubes. In order to initiate a new growth cycle, pollen 
tubes should remove that high amount of  Ca2+ away from the 
tip area.  Ca2+-ATPase pumps, such as Arabidopsis ACA9, 
would exclude  Ca2+ from the pollen tube into the apoplast 
(Schiott et al. 2004). It is also reasonable to consider that 
storage of  Ca2+ in intracellular compartments such as endo-
plasmic reticulum (ER), vacuoles or even mitochondria 
contributes to lower  [Ca2+]cyt (Holdaway-Clarke et al. 1997; 
Sze et al. 2000). This hypothesis is supported by the fact 
that cyclopiazonic acid (CPA), an inhibitor of the  PIIA-type 
 Ca2+-ATPases (ECAs), increased  [Ca2+]cyt, decreased the 
 [Ca2+] in the ER and subsequently blocked Arabidopsis pol-
len tube growth (Iwano et al. 2009). It has not been yet estab-
lished whether pollen  Ca2+-ATPase pumps localized in any 
intracellular compartment would contribute to establishing 
a new round of  [Ca2+]cyt gradient.

In this paper, to study  Ca2+ dynamics in pollen tubes, we 
used transgenic tomato plants expressing the Yellow Camel-
eon 3.6 gene under the pollen-specific promoter LAT52. We 
also used drugs that disturb the intracellular  Ca2+ homeosta-
sis in plant cells, to study how the  [Ca2+]cyt gradient, pollen 
germination and in vitro pollen tube growth were affected.

Materials and methods

Plant material

Wild-type and Yellow Cameleon 3.6-expressing tomato 
plants were grown in soil in the greenhouse (25 °C, 16 h 
light). Mature pollen grains were collected by vibrat-
ing anthers of mature flowers with a biovortex (BioSpec 
Products).

Generation of transgenic Yellow Cameleon 3.6 
tomato

Tomato plants were transformed with a gene encoding the 
fluorescence resonance energy transfer (FRET)-based  Ca2+ 
sensor Yellow Cameleon 3.6 (YC 3.6) (Nagai et al. 2004), 
under the control of the pollen-specific promoter LAT52 
(Twell et al. 1990). Agrobacterium tumefaciens LBA4404 
(Hoekema et al. 1984) harboring the binary vector pCAM-
BIA2300 with a pLAT52:YC3.6:35S-ter fragment was used 
to transform tomato as described (McCormick 1992).

Chemicals

Cyclopiazonic acid (CPA) and 2-aminoethoxydiphenyl 
borate (2-APB) were obtained from Calbiochem (La Jolla, 
CA, USA). A stock solution containing 12.5 mM of CPA was 
prepared dimethyl sulfoxide (DMSO). 2-APB was stored as 
a 100 mM stock solution in DMSO. GsMTx-4 was obtained 
from Alomone Labs (Jerusalem, Israel), and a 0.1 mM stock 
solution was prepared in distilled water. Working solutions 
were prepared by dilution with pollen germination medium 
(PGM). For each chemical treatment, a corresponding vol-
ume of solvent was used as control treatment.

In vitro pollen germination and pollen tube growth 
assays

In vitro germination assays were performed as described 
(Muschietti et al. 1998). Briefly, pollen grains (1 mg mL−1) 
were resuspended in pollen germination medium (PGM) 
[24% (w/v) polyethylene glycol (PEG) molecular weight 
3350, 20 mM MES pH 6.0, 0.8 mM  MgSO4, 1 mM KCl, 
1.6  mM boric acid, 2.8  mM Ca(NO3)2 and 2.5% (w/v) 
sucrose]. For pollen germination assays, the inhibitors were 



Plant Reproduction 

1 3

added together with PGM, and then, the pollen suspen-
sion was incubated for 1 h at 28 °C. For pollen tube growth 
assays, pollen was germinated for 1 h in PGM at 28 °C, fol-
lowed by drug treatments for 1 h. The control for each drug 
treatment was done with germination medium supplemented 
with the solvent used.

Pollen grains and pollen tubes were observed using a 
BX41 microscope (Olympus) equipped with a 10× objec-
tive. All experiments were repeated three times (n = 3), and 
three technical replicates were carried out for each treatment. 
For each replicate, more than 500 pollen grains (obtained 
from five different plants) and 75 pollen tubes were ana-
lyzed to calculate pollen germination and pollen tube growth 
percentage, respectively. Pollen was considered germinated 
only when tube length was greater than the diameter of the 
pollen grain. To facilitate the analysis of pollen tube growth 
inhibition, we converted pollen tube length values to pollen 
tube growth percentage, considering the control mean length 
(untreated pollen tubes) as 100% pollen tube growth. Data 
were analyzed by analysis of the variance (ANOVA), and 
differences between means were compared with a Tukey’s 
post hoc test.

Imaging of cytoplasmic  Ca2+ levels

Pollen grains from YC 3.6-expressing plants were resus-
pended in PGM and placed in Labtek chambers. Pollen 
grains were germinated for 1 h at 28 °C, and then, inhibi-
tors were added. Time-lapse imaging of pollen tubes was 
performed using an Olympus IX81 inverted microscope 
equipped with Olympus FV-1000 confocal unit. An Olympus 
UPlanSApo 60×, 1.2 numerical aperture, water immersion 
objective lens was used for imaging. The YC 3.6 was excited 
with the 440-nm line of the diode laser. The enhanced cyan 
fluorescent protein (ECFP) and FRET-dependent circularly 
permuted Venus (cpVenus) emission were collected using 
a 458-nm dichroic mirror, and 480–495- and 535–565-nm 
emission filters for ECFP and cpVenus, respectively. Dif-
ferential interference contrast (DIC) images were acquired 
simultaneously. Images were collected every 5 s. For bleed-
through determination, 35S promoter-ECFP-CaM or 35S 
promoter-M13-cpVenus constructs were generated in E. coli 
cells. For autofluorescence determination, wild-type pollen 
tubes were used.

Image and data analysis

Image analysis was performed as previously described 
(Barberini and Muschietti 2015). All slices of the same 
pollen tube were aligned by its pollen tube tip using the 
Template Matching and Slice Alignment plug-in for ImageJ. 
This alignment takes in consideration the displacements in 
X and Y axes for each slice allowing the quantification of 

pollen tube growth with a subpixel resolution (Barberini 
and Muschietti 2015). The cpVenus/ECFP ratio was deter-
mined using the Ratio-plus plug-in for ImageJ, and fluores-
cence intensity was measured in 5-µm2 ROI at the pollen 
tube apex. Kymographs were generated by tracing a line 
along the pollen tube growth axis at one time point using 
the multi-kymograph plug-in for ImageJ. In the kymograph, 
each horizontal line of the kymograph represents the ratio 
(cpVenus/ECFP), while pollen tube length is represented on 
the horizontal axis and time on the vertical axis being the 
slope of the kymograph the growth rate of the pollen tube.

Results

Expression of YC 3.6 in tomato pollen

In order to study  Ca2+ dynamics in growing pollen tubes, we 
used transgenic VF36 tomato plants expressing the FRET-
based  Ca2+ indicator Yellow Cameleon 3.6 gene (Nagai et al. 
2004), driven by the LAT52 pollen-specific promoter (Twell 
et al. 1990). We first examined  Ca2+ oscillations during 
in vitro pollen tube growth. To this end, pollen grains were 
cultured in a liquid germination medium (Muschietti et al. 
1998) and ECFP and FRET-dependent cpVenus fluorescence 
emission of pollen tubes were acquired at 5-s intervals, cal-
culating the ratio cpVenus/ECFP in the apical and subapical 
pollen tube regions. Differential interference contrast (DIC) 
images were acquired simultaneously.

As previously described for tobacco (Michard et al. 2008) 
and lily (Holdaway-Clarke et al. 1997, 2003; Messerli et al. 
2000; Cardenas et al. 2008), in vitro growing tomato pollen 
tubes showed an oscillating tip-focused  [Ca2+]cyt gradient 
(Figs. 1 and 2a). Both cpVenus/ECFP ratio and growth rate 
curves show similar period (Fig. 1).  Ca2+ levels were high-
est within 10 µm distance from the tip and then decreased 
into the tube shank. Figure 2b shows dynamic changes in 

Fig. 1  Quantitative analysis of pollen tube growth and  [Ca2+]cyt at 
the tip area of tomato pollen tubes. The period and shape of cpVenus/
ECFP ratio and growth rate curves are similar. The  Ca2+ peak fol-
lows the growth rate peak. The cpVenus/ECFP ratio in pollen tip was 
measured in 5-µm2 ROI (orange line). The purple line corresponds to 
pollen tube growth rate
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 [Ca2+]cyt at the apical and subapical regions and associated 
oscillations in pollen tube growth (See also Suppl. movie 
1). In tomato,  Ca2+ oscillated with a period of 65–100 s, 
while in lily the period was 15–46 s (Holdaway-Clarke et al. 
1997, 2003; Messerli et al. 2000; Cardenas et al. 2008), in 
Arabidopsis 12–48 s (Iwano et al. 2004, 2009; Damineli 
et al. 2017) and in tobacco 1–4 min (Michard et al. 2008). 
The spatiotemporal dynamics of  [Ca2+]cyt gradient and tube 
growth is shown in the form of a kymograph (Fig. 2c).

Effects of CPA, 2‑APB and GsMTx‑4 on  Ca2+ dynamics 
in tomato pollen tubes

Cyclopiazonic acid (CPA) is a specific inhibitor of animal 
SERCA type  Ca2+-ATPases (Seidler et al. 1989; Plenge-
Tellechea et al. 1997; Martinez-Azorin 2004) and plant 

 PIIA-type  Ca2+-ATPases (Liang and Sze 1998; Geisler 
et  al. 2000; Sze et  al. 2000). We analyzed the effects 
of CPA on tomato pollen germination and pollen tube 
growth. CPA inhibited pollen germination and arrested 
pollen tube growth in a dose-dependent manner (Fig. 3a). 
Specifically, 70 µM CPA reduced pollen tube growth to 
52%. We found that CPA had a heterogeneous effect on 
pollen tube growth. Specifically, 60% of the tubes were 
irreversibly arrested, while the other 40% showed an ini-
tial period of inhibition with a later recovery of normal 
growth. Having demonstrated that CPA inhibited tomato 
pollen tube growth, we then monitored how CPA affects 
 Ca2+ oscillations during pollen tube growth. Pollen tubes 
that were irreversibly arrested showed an increased 
 [Ca2+]cyt in the subapical zone when compared to con-
trol tubes, with the disappearance of the  [Ca2+]cyt gradient 

Fig. 2  Pollen growth and  Ca2+ dynamics in tomato plants express-
ing YC 3.6 under the control of the pollen-specific promoter LAT52. 
a Time-lapse sequence shows the in vitro growth of a representative 
pollen tube (left panels) (n = 10). Fluorescence ratio imaging reveals 
a tip-focused  [Ca2+]cyt gradient. The fluorescence intensities were 
showed in pseudo-color coding (right panels). Numbers represent 
time in seconds. Scale bar represents 10 µm. b Quantitative analysis 
of pollen tube growth and  [Ca2+]cyt in tomato pollen tubes growing 
in vitro condition. The ratios (cpVenus/ECFP) in apical (orange line) 
and subapical (green line) regions were measured in 5-µm2 ROIs (see 

inset). The purple line corresponds to pollen tube elongation (“dis-
tance”). “m” is the slope that represents pollen growth rate during the 
experiment. c Kymograph of the tube presented in a. Each horizontal 
line of the kymograph illustrates ratio (cpVenus/ECFP) values along 
a line traced in the middle of the tube at one time point. Pollen tube 
length is represented on the horizontal axis of the kymograph and 
time on the vertical axis. The slope on the right side of the kymo-
graph reflects the growth rate of the tube. The vertical colored bar 
illustrates the ratio cpVenus/ECFP
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and growth inhibition (compare the slope m = 0.001 to 
m = 0.042 for the control tube in Fig. 3c) (Fig. 3b, c and 
Suppl. Movie 2). The kymograph (Fig. 3d) showed a slight 
slope due to the lower growth rate together with homoge-
neous  [Ca2+]cyt from the tip into the subapical zone (com-
pared with the kymograph from Fig. 2c). Considering that 
CPA inhibits plant  PIIA-type  Ca2+-ATPases, these results 
suggest that tomato pollen tubes contain CPA-sensitive 
 Ca2+-ATPases that would control  Ca2+ storage during pol-
len tube growth. Figure 4 shows that the fluorescent sig-
nals of a CPA-treated tube at the tip and along the shank 
were comparable and higher to the signal observed at the 
subapical zone of a control tube.

We next analyzed the effect of 2-aminoethoxydiphenyl 
borate (2-APB), a drug that in animal cells negatively affects 
release of  Ca2+ from the ER into the cytoplasm, thereby 
inhibiting the inositol triphosphate  (IP3) receptor (Maruy-
ama et al. 1997). Figure 5a shows that 5 µM of 2-APB 
reduced statistically pollen germination to 65%, while 
the inhibition was almost complete using 10 µM. We also 
observed a dose-dependent inhibition of pollen tube growth 
when 2.5–3.75 µM of 2-APB was used (Fig. 5a). Treatment 
with 2.5 µM 2-APB for 5 min (Fig. 5b) reduced  [Ca2+]cyt 
at both apical and subapical regions of the tube when com-
pared to a control tube (Fig. 4). This result, together with 
the loss of the  [Ca2+]cyt oscillatory gradient, generated 

Fig. 3  Effects of CPA on tomato pollen germination, pollen tube 
growth and  [Ca2+]cyt oscillations in YC 3.6 tomato plants. a CPA 
reduces pollen germination and inhibits pollen tube growth. Data 
were presented as mean ± SEM from three independent experiments. 
Asterisks indicate significant differences between control (untreated 
pollen) and CPA treatment by Tukey´s post hoc test (*p < 0.05 and 
**p  <  0.01). b Effects of 50  µM CPA on pollen growth and  Ca2+ 
dynamics. Time-lapse sequence shows the growth inhibition of a 
representative pollen tube (left panels) (n  =  10). Fluorescence ratio 
imaging reveals an increase of the  [Ca2+]cyt in the subapical zone. 
The fluorescence intensities are in pseudo-color coding (right pan-

els). Numbers represent time in seconds, where zero seconds corre-
sponds to 20 min after CPA is added. Scale bar represents 10 µm. c 
Quantitative analysis of pollen tube growth and  [Ca2+]cyt in tomato 
pollen tubes after the addition of CPA. The ratios (cpVenus/ECFP) 
in apical (orange line) and subapical (green line) regions were meas-
ured in 5-µm2 ROIs (see inset). The purple line corresponds to pol-
len tube elongation in the presence of CPA. Solid gray line represents 
pollen tube elongation of control pollen (treated with solvent). “m” 
is the slope that represents pollen growth rate during the experiment. 
d Kymograph of the pollen tube presented in b. The vertical colored 
bar illustrates the ratio cpVenus/ECFP
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a permanent inhibition of pollen tube growth (compare 
the slope m = 0.006 to m = 0.022 for the control tube in 
Fig. 5c). The kymograph (Fig. 5d) shows the slight slope 
of the growth rate together with low and stable  [Ca2+]cyt 
from the tip into the subapical zone. Considering that in 
animal cells 2-APB inhibits the release of  Ca2+ from the 
ER, our results suggest that pollen tubes should contain a 
similar mechanism controlling  Ca2+ release into pollen tube 
cytoplasm. Results obtained with CPA and 2-APB suggest 
that an unregulated increase or decrease of  [Ca2+]cyt affects 
pollen tube growth because in both cases, the  [Ca2+]cyt gra-
dient is disturbed.

Considering that CPA and 2-APB have antagonistic 
effects on  [Ca2+]cyt, we analyzed whether the simultane-
ous addition of both drugs could compensate their indi-
vidual inhibitory effects on pollen tube growth. Table 1 
shows that 20 µM of CPA together with 2.5 µM of 2-APB 
partially reverted the inhibitory effect of 2.5  µM of 
2-APB alone. The same effect was found when 30 µM of 
CPA was used together with 1.25 µM of 2-APB (Table 1). 
These results suggest that the inhibitory effect of 2-APB 
on pollen tube growth is partially compensated by CPA.

Pollen tubes have in their plasma membrane different 
calcium channels responsible for  Ca2+ entry into the pol-
len tube (Dutta and Robinson 2004; Shang et al. 2005; 
Frietsch et al. 2007; Qu et al. 2007; Michard et al. 2011; 
Wu et al. 2011; Hepler et al. 2012; Gao et al. 2016). In L. 
longiflorum pollen tube tip protoplasts, the crude venom 
of the spider Grammostola spatulata that blocks stretch-
activated channels in animals inhibited lily pollen tube 
growth by stopping the  Ca2+ influx (Dutta and Robinson 
2004). To test whether mechanosensitive channels are 
involved in the regulation of tomato pollen germination 
and tube growth, we used GsMTx-4, an active peptide 

from the spider’s venom that specifically blocks mecha-
nosensitive channels in animal cells (Suchyna et al. 2000). 
Our results showed that GsMTx-4 inhibited pollen ger-
mination and arrested pollen tube growth (Fig. 6a). How-
ever, the effect of GsMTx-4 on pollen tube growth was 
heterogeneous. Some pollen tubes were inhibited, whereas 
others elongated as untreated tubes, suggesting that other 
type of channels could participate in the regulation of 
the calcium intake. Pollen tubes affected by GsMTx-4 
showed a complete decrease of the  [Ca2+]cyt at the pol-
len tube tip and the disappearance of the oscillatory cal-
cium concentration gradient (Fig. 6b), while pollen tube 
growth was inhibited (compare the slope m = 0.001 to 
m = 0.033 for the control tube in Fig. 6c). The kymograph 
(Fig. 6d) showed the abolition of the slope denoting the 
inhibition of the growth rate together with the decrease of 
the  [Ca2+]cyt from the tip into the subapical zone. These 
results suggest that stretch-activated  Ca2+ channels are 
potentially involved in the entry of calcium to the pollen 
cytoplasm and therefore in the maintenance of the calcium 
concentration gradient.

Discussion

It has been described in several plant species that in vitro 
pollen tube growth is coupled with a  [Ca2+]cyt gradient 
necessary for a correct polarized secretion, arrangement 
of the actin cytoskeleton, movement of organelles and 
biochemical activity essential for pollen tube growth 
(Hepler and Winship 2015). Recently, computational 
approaches have been used to estimate tip location with 
subpixel resolution improving pollen tube growth and 
 [Ca2+]cyt oscillations measurements (Damineli et  al. 
2017). In this work, we described that tomato pollen tubes 
showed a tip-focused  [Ca2+]cyt gradient with  Ca2+ oscil-
lations associated with pollen tube growth. Even though 
regular oscillations have been described in lily, tobacco, 
petunia and tomato in vitro growing pollen tubes (Holda-
way-Clarke et al. 1997, 2003; Geitmann and Cresti 1998; 
Messerli et al. 2000; Cardenas et al. 2008; Michard et al. 
2008), only Arabidopsis pollen tubes growing in vitro 
with slow or stopped growth showed regular  [Ca2+]cyt 
oscillations (Iwano et al. 2009; Damineli et al. 2017). 
Moreover, normal in vivo growing Arabidopsis pollen 
tubes showed no  [Ca2+]cyt oscillations (Iwano et al. 2009) 
revealing the complexity of the regulation of calcium 
dynamics during pollen tube tip growth.

In order to study the mobilization of  Ca2+ during 
pollen tube growth, we used specific drugs. First, we 
used cyclopiazonic acid (CPA), a drug that inhibits 

Fig. 4  Effects of CPA and 2-APB on the  [Ca2+]cyt fluorescent signals 
in tomato pollen tubes. The ratios (cpVenus/ECFP) in control (purple 
line), CPA (orange line)- and 2-APB (green line)-treated pollen tubes 
were measured in ROIs that scan down the tubes from the tip to the 
shank (see insets). One representative pollen tube is shown for each 
treatment
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animal SERCA type  Ca2+-ATPases (Seidler et al. 1989; 
Plenge-Tellechea et al. 1997; Martinez-Azorin 2004) and 
 PIIA-type plant  Ca2+-ATPases (ECAs) (Liang and Sze 
1998; Geisler et al. 2000; Sze et al. 2000). Specifically, it 
has been reported that when expressed in yeast, ECA1, an 
ER  Ca2+-ATPase from Arabidopsis, was inhibited by CPA 
although the mechanism is still unclear (Liang and Sze 
1998). Moreover, CPA increased  [Ca2+]cyt in Arabidopsis 

roots (Zhang et al. 2011), lowered  [Ca2+] in the ER in 
Arabidopsis root tip cells (Bonza et al. 2013) and inhib-
ited  Ca2+ spiking during nodulation in Sesbania rostrata 
(Capoen et al. 2009) and Medicago truncatula (Engstrom 
et al. 2002). We found that 50 µM CPA blocked tomato 
pollen germination and pollen tube growth, inducing 
high levels of  Ca2+ in the subapical zone that marked the 
disappearance of the tip-focused  [Ca2+]cyt gradient and 

Fig. 5  Effects of 2-APB on tomato pollen germination, pollen tube 
growth and  [Ca2+]cyt oscillations in YC 3.6 tomato plants. a 2-APB 
reduces pollen germination and inhibits pollen tube growth. Data 
were presented as mean ± SEM from three independent experiments. 
Asterisks indicate significant differences between control (non-
treated) and 2-APB treatment by Tukey´s post hoc test (*p  <  0.05 
and ***p < 0.001). b Effects of 2.5 µM 2-APB on pollen growth and 
 Ca2+ dynamics. Time-lapse sequence shows the growth inhibition of 
a representative pollen tube (left panels) (n = 10). Fluorescence ratio 
imaging reveals a decrease of the  [Ca2+]cyt in the apical zone and dis-
sipation of the  Ca2+ concentration gradient. The fluorescence intensi-
ties were presented in pseudo-color coding (right panels). Numbers 

represent time in seconds, where zero seconds corresponds to 5 min 
after the drug is added. Scale bar represents 10  µm. c Quantitative 
analysis of pollen tube growth and  [Ca2+]cyt in tomato pollen tubes 
after the addition of 2-APB. The ratio (cpVenus/ECFP) in api-
cal (orange line) and subapical (green line) region was measured in 
5-µm2 ROIs (see inset). The purple line corresponds to pollen tube 
elongation in the presence of 2-APB. Solid gray line represents the 
pollen tube elongation of control pollen (treated with solvent). “m” 
is the slope that represents of pollen growth rate during experiment. 
d Kymograph of the pollen tube presented in b. The vertical colored 
bar illustrates the ratio cpVenus/ECFP
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the subsequent inhibition of the  Ca2+ oscillations. Our 
results are consistent with those observed in Arabidopsis 
pollen tubes where 10 µM CPA inhibited semi-in vivo 
growth, increased the high  [Ca2+]cyt area while decreasing 
 [Ca2+]ER, suggesting that the ER of pollen tubes would 
contain  PIIA-type  Ca2+-ATPases sensitive to CPA (Iwano 
et al. 2009).

Because the localization of any of  PIIA-type  Ca2+ATPase 
in pollen is still unkown, is possible that other intracellular 
compartments such as Golgi apparatus, vesicles or vacu-
oles may also sequester  Ca2+. For example, it was already 
reported in Arabidopsis seedlings that CPA inhibited the 
increase of  [Ca2+] in Golgi, suggesting the presence of 

Table 1  Effects of the combination of CPA and 2-APB on pollen tube 
growth

Results are expressed as a pollen tube growth percentage considering 
the control mean length as 100% pollen tube growth. Data represent 
the mean values ± SEM of three replicates. Different letters indicate 
significant difference among treatments (p values were: p  <  0.01, 
one-way ANOVA, Tukey’s test)

Treatment Pollen tube growth (%)

CPA 20 µM 92.7 ± 1.46(a)

2-APB 2.5 µM 58.6 ± 1.77(b)

Combination 75.48 ± 2.66(c)

CPA 30 µM 84.84 ± 1.1(a)

2-APB 1.25 µM 66.63 ± 1.97(b)

Combination 73.88 ± 1.71(c)

Fig. 6  Effects of GsMTx-4 on tomato pollen germination, pol-
len tube growth and  [Ca2+]cyt oscillations in YC 3.6 tomato plants. 
a GsMTx-4 reduces pollen germination and inhibits pollen tube 
growth. Data were presented as mean ± SEM from three independ-
ent experiments. Asterisks indicate significant differences between 
control (non-treated) and GsMTx-4 treatment by Tukey’s post hoc 
test (*p < 0.05, **p < 0.01 and ***p < 0.001). b Effects of 12.5 µM 
GsMTx-4 on pollen tube growth and  Ca2+ dynamics. Time-lapse 
sequence shows the growth inhibition of a representative pollen tube 
(left panels) (n = 10). Fluorescence ratio imaging reveals a decrease 
of the  [Ca2+]cyt in the apical zone and disappearance of the calcium 
concentration gradient. The fluorescence intensities were presented 

in pseudo-color coding (right panels). Numbers represent time in 
seconds, where zero seconds corresponds to 10  min after the drug 
is added. Scale bar represents 10 µm. c Quantitative analysis of pol-
len tube growth and  [Ca2+]cyt at the tip area of tomato pollen tubes 
after the addition of GsMTx-4. The ratio (cpVenus/ECFP) in api-
cal (orange line) and subapical (green line) region was measured in 
5-µm2 ROIs (see inset). The purple line corresponds to pollen tube 
elongation in the presence of GsMTx-4. Solid gray line represents the 
pollen tube elongation of control pollen (treated with solvent alone). 
“m” represents the slope from pollen growth rate. d Kymograph from 
the pollen tube presented in b. The vertical colored bar illustrates the 
ratio cpVenus/ECFP
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 Ca2+-ATPases in Golgi (Ordenes et al. 2012). Moreover, 
one  PIIA-type  Ca2+ ATPase from Arabidopsis, AtECA3, was 
localized in the Golgi apparatus when transiently expressed 
in tobacco epidermal leaf cells (Mills et al. 2008).

A complementary analysis was carried out with 2-ami-
noethoxydiphenyl borate (2-APB) a drug that, contrary to 
CPA, restrains  Ca2+ movement from the ER to the cytoplasm 
inhibiting  IP3 receptors of the sarcoplasmic reticulum of ani-
mal cells (Maruyama et al. 1997). In plants, 2-APB inhib-
ited  Ca2+ spiking and root cytoplasmic streaming during 
nodulation in M. truncatula (Engstrom et al. 2002), affected 
hyphal growth and dissipated the tip-high cytosolic  [Ca2+] 
gradient in Neurospora crassa (Silverman-Gavrila and Lew 
2002), lowered Arabidopsis root hair cytosolic  Ca2+ (Zhang 
et al. 2011) and inhibited growth of the maize pathogen 
Colletotrichum graminicola (Lange and Peiter 2016). We 
found that 2-APB inhibited pollen germination and pollen 
tube growth in a dose-dependent manner. It also induced a 
clear reduction in  [Ca2+]cyt at the pollen tube tip, suggesting 
that 2-APB has an inhibitory effect in tomato pollen tubes. 
Despite the fact that the presence of  IP3 receptors in plants 
has not been directly addressed, it was reported that  IP3 rises 
 [Ca2+]cyt on ER membrane preparations (Stael et al. 2012) 
and in pollen tubes (Franklin-Tong et al. 1996; Malhó 1998; 
Monteiro et al. 2005).

The influx of extracellular  Ca2+ into the pollen tube 
is mediated by specific channels localized in the plasma 
membrane of the tip moving extracellular  Ca2+ into the 
pollen tube cytoplasm increasing  [Ca2+]cyt (Wang et al. 
2004; Dutta and Robinson 2004; Shang et al. 2005; Qu 
et al. 2007; Frietsch et al. 2007; Song et al. 2009; Michard 
et al. 2011; Wu et al. 2011; Hamilton et al. 2015; Gao et al. 
2016). Stretch-activated  Ca2+ channels open in response 
to the deformation of the plasma membrane caused during 
tip growth (Cardenas et al. 2008; Hamilton et al. 2015). 
It has been shown in pollen grains protoplasts and pol-
len tubes spheroplasts of L. longiflorum that when these 
channels were inhibited by a crude spider venom, pol-
len tube growth and influx of extracellular  Ca2+ into the 
tip were blocked (Dutta and Robinson 2004). In tomato, 
we found that pure GsMTx-4, an active compound of the 
spider’s venom, inhibited pollen germination in a dose-
dependent manner, while the effect on pollen tube length 
was heterogeneous. This heterogeneous behavior was pre-
viously described when pollen tubes of Petunia hybrida 
were incubated with varying concentrations of verapamil, 
an inhibitor of voltage-dependent channels, other type of 
pollen tube plasma membrane calcium channels (Geitmann 
and Cresti 1998). Inhibited pollen tubes with GsMTx-4 
showed reduced  [Ca2+]cyt at the tip. These results suggest 
that tomato stretch-activated  Ca2+ channels are involved in 
the influx of calcium to the pollen tube cytoplasm main-
taining the calcium gradient.

Taking all our results together, we showed that tomato 
pollen tube has an oscillatory growth, and that growth is 
inhibited when tip-focused  [Ca2+]cyt gradient is disrupt 
directly or indirectly with pharmacological drugs. Future 
research will be needed to reveal the regulation of the com-
plicated  Ca2+ signaling network in pollen tubes.
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