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Abstract

Putrescine, spermine, and spermidine are among the most significant polyamines for plant growth and development, includ-
ing pollen tube elongation. Although the effects of putrescine and spermine are well-known on tube elongation, little is
known about the impact of spermidine. The aim of this study is to reveal how exogenic spermidine impinges positively
and negatively on the factors involved in tube elongation such as actin cytoskeleton organization, calcium, pH and reactive
oxygen species gradients, sucrose synthase enzyme activity, distribution of cell wall polysaccharide, tube nuclei movement.
Treatment of 0.01 mM spermidine which showed a positive effect, increased actin dynamism, and, caused a decrease in the
amount of cellulose in the tube apex by coordinating the sucrose synthase enzyme localization. These changes were reflected
in the tube elongation velocities and oscillations as an increase, allowing the tubes to elongate faster. Treatment of 0.5 mM
spermidine which showed a negative effect, caused changes in intracellular calcium, pH and reactive oxygen species gradients
and these alterations reduced the dynamism of actin filaments. Decreased actin dynamism affected the localization of the
sucrose synthase enzyme, inhibited the transport of newly synthesized wall materials to the tube apex and the transport of
the generative nucleus to the tube apex. These changes were reflected in the tube elongation velocities and oscillations as a
decrease, allowing the tubes to elongate slower. Results could be contributed to the explanation of the effect of spermidine
in plant growth and development, including pollen tube elongation.
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Introduction

The pollen tube is a tubular extension of the pollen grain.
Since sperm nuclei are immobile structures in angiosperms,
they have to be transported to the embryo sac through pollen
tubes meant for fertilization (Desnoyer et al. 2023). There-
fore, from a reproductive biology perspective, pollen tube
elongation is one of the most critical factors that affect the
species’ fertilization success. Various factors such as actin
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cytoskeleton organization, calcium (Ca*?), pH and reactive
oxygen species (ROS) gradients, sucrose synthase activity,
distribution of cell wall polysaccharide, and the generative
nucleus or sperm nuclei movement play a coordinated role
in the elongation of the tube (Cetinbas-Geng et al. 2022).
So, these factors are considered so essential parameters for
tube elongation.

Pollen tubes are elongated from the tip by the transporta-
tion of vesicles containing newly synthesized cell wall mate-
rials to the tube tip (Kapoor and Geitmann 2023). This trans-
portation takes place via actin filaments, which are organized
in different ways in various parts of the pollen tube. The long
and parallel filaments in the shank region allow the vesi-
cles to be transported over long distances, while the short,
scattered, and highly dynamic filaments in the apex region
allow the pollen tubes to fit quickly in the new growth con-
ditions (Zhang et al. 2023). The filaments, organized in the
fringe, get formed in a small area between the apex and the
shank region, contribute to a tube elongation by providing
the formation of new filaments yet preventing the passage
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of organelles to the tube tip (Lu et al. 2023). The transport
of vesicles to the tube tip occurs as a result of the interaction
between actin filaments with myosin, and the regulation of
myosin activity depends on the intracellular Ca*? gradient
(Parrotta et al. 2022). So, it is significant to regulate myosin
activity, especially at the tube tip, by the appropriate Ca™?
gradient for regular tube elongation (Qian and Xiang 2019).
Besides, proper localization of ROS in the tubes regulates
the tip-localized Ca*? gradient via Ca*? channels and con-
trols the tube elongation by regulating the actin filaments
and myosin activity, indirectly (Parrotta et al. 2019). In addi-
tion to that, the pH gradient in the pollen tube regulates
the activity of actin-binding proteins (ABP) such as actin
depolymerizing factor (ADF) and actin interacting protein
(AIP). Since ADF and AIP are highly sensitive proteins to
pH changes, alterations in pH gradient affect tube elongation
by changing actin filament dynamics through modulation of
ADF and AIP activities (Scholz et al. 2020). SUS, another
crucial ABP for pollen tubes, contributes to tube elongation
by converting sucrose to UDP-glucose, the precursor of the
callose and cellulose which are the main cell wall compo-
nents of the pollen tubes (Parrotta et al. 2022). The presence
of callose and cellulose together with de-esterified pectin
in the shank region mechanically strengthens the cell wall
in this region. As a result of this increased structural stift-
ness, turgor pressure can elongate the pollen tube only from
the tip region composed of esterified pectin and cellulose
(Kapoor and Geitmann 2023). While all these factors ensure
the tube elongation in a coordinated way, sperm nuclei are
transported toward the tube tip by microtubules (Cai 2022).

Polyamines (PAs) are one of the far reaching regulator
factors that is meant to be involved in pollen tube elongation
(Aloisi et al. 2022). It is known that PA homeostasis in pol-
len grains has a great function on pollen tube elongation, as
well as exogenous PAs can also significantly alter the tube
elongation (Benko et al. 2020; Aloisi et al. 2022). PAs can
also transform the activities of cytoskeletal elements in the
pollen tube by binding into cytoskeletal monomers. Also,
they can play a regulatory role in tube elongation as they
can change the binding capacity of actin filaments to motor
proteins such as myosin (Del Duca et al. 2009). Moreover,
they can affect pollen tube elongation by regulating ion con-
centration in the pollen tubes, since they can regulate the ion
transportation and activity of Ca*? permeable channels. (Di
Sandro et al. 2010; Wu et al. 2010). In addition, since PAs
can quickly bind to pectic contents, they can regulate the
organization of cell wall polysaccharides by binding to the
apex. They can also organize the enzymatic activity of pec-
tin methyl esterase, leading to a reduction of non-esterified
pectin and thus causing softer cell wall formation (Charnay
et al. 1992).

There are various studies on the effects of the most com-
mon PAs in plants, putrescine (Put) and spermine (Spm),
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on pollen tube elongation (Sorkheh et al. 2011, Do et al.
2019; Benko et al. 2020). However, little is known about the
effects of another most common PA in plants, spermidine
(Spd), on pollen tube elongation (Wu et al. 2010). Whereas,
considering that most of the endogenic Spd are localized in
the cell wall compartment, it is likely that exogenic Spd can
change the distribution of cell wall components by interact-
ing with different molecules (Del Duca et al. 2009). Since
the distribution of the pollen tube's cell wall components
is closely related to the actin cytoskeleton organization,
Ca*?, pH, and ROS gradient, it can be assumed that Spd
may also be effective on these parameters. Although it has
been reported that exogenic Spd treatments affect pollen
tube elongation in various species such as Malus domestica
(Del Duca et al. 1997), Lycopersicon esculentum (Song et al.
1999), Prunus mume (Wolukau et al. 2004), Prunus dulcis
(Sorkheh et al. 2011) and Camellia sinensis (Cetinbasg-Geng
et al. 2020a), there is limited information on how Spd affects
the factors that work coordinately in pollen tube elongation.
For instance; Wu et al. (2010) reported that exogenic Spd
treatments might affect tube elongation by changing the Ca*?
gradient, hydrogen peroxide, and ROS production in pol-
len tubes of Arabidopsis thaliana, and by causing a change
in cytosolic Ca*? concentration in Pyrus pyrofolia's pollen
tubes. Whereas, there is no doubt that more information is
needed on how exogenic Spd alter the factors that work coor-
dinately in pollen tube elongation.

In this study, pollen grains from Prunus domestica were
used in this study due to the facts that there is no previous
study on this species on the subject, the species has economic
importance, the species is a representative species for the Pru-
nus genus, the species allows the collection of large amounts
of pollen material easily, the species has pollen grains that are
suitable for storage and germinate easily and quickly. Prunus
domestica's pollen grains were studied to reveal how exogenic
Spd treatment impinges the factors involved in pollen tube
elongation and to demonstrate how Spd-induced changes in
these factors are reflected in pollen tube elongation. The effects
of different spermidine concentrations on pollen germination
and tube elongation were revealed in Prunus mume (Wolukau
et al. 2004) and Prunus dulcis (Sorkheh et al., 2011), which
are species close to Prunus domestica. However, in these
studies, only pollen germination rates and tube lengths were
used as evaluation criteria. However, unlike these studies, in
the current study, Spd concentrations with the most negative
and the most positive effects on tube elongation were deter-
mined using the germination rate and tube length parameters,
and the consequences of these concentrations on the factors
involved in pollen tube elongation were examined in details.
It is thought that the results will contribute to the understand-
ing of the cellular action mechanisms of Spd in pollen tubes,
explaining more clearly the connections between the processes
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and molecules involved in pollen tube elongation and, sighting
the importance of the balance between them.

Material and Methods
Pollen Material

Pollen grains of Prunus domestica were harvested from plants
grown on the Campus of Marmara University in May-April
2022. After dehydration overnight in a silica gel desiccator,
they were stored at -20 °C until use. Pollen viability tested
periodically during the all working progress.

In-vitro Pollen Germination and Tube Elongation

After being rehydrated for one hour in a humid chamber, pol-
len grains were allowed to germinate for 1 h in a Brewbaker
and Kwack’s medium with 12% sucrose (Brewbaker et al.
1963; Calic et al. 2013). The medium was supplemented
with 0.01 mM, 0.025 mM, 0.05 mM, 0.1 mM, 0.25 mM, or
0.5 mM Spd for treatment groups and Spd-free medium was
used to control. Pollen germination and tube elongation were
examined under a light microscope and micrographs then were
captured. Pollen grains with tubes longer than pollen diameter
were considered as germinated. Germination rates were calcu-
lated by examining at least 1500 pollen grains for each group,
using the ‘Multi point' option of ImagelJ software. Pollen tube
lengths were calculated by delving into at least 1500 pollen
tubes for each group, using the 'Segmented Line' option of
Image J software.

Cumulative Stress Response Index (CSRI)

To identify the Spd treatment groups showing the most nega-
tive and most positive effects, the cumulative stress response
index (CSRI) of each group was calculated according to the
equation proposed by Dai et al. (1994). Germination rates
(GR) and tube lengths (TL) of control (c) and treatment (t)
groups were used to calculate CSRI values. The CSRI value
of each group was calculated using the formula below.

GRt — GRc + TLt — TLc
GRc TLc

CSRI = ( ) x 100

The standard deviation (SD) of all obtained CSRI values
was determined, and also the CSRI value of the treatment
group that showed the minimum CSRI (mCSRI) value was
noted. The evaluation was performed using the mCSRI value
and the SD value as follows.

Intolerant < mCSRI + 1 SD < Medium tolerant
< mCSRI + 2 SD < Tolerant < mCSRI + 3 SD

As we aimed to reveal both negative and positive effects
of Spd on pollen tube elongation, one treatment group
showing the most negative and one treatment group show-
ing the most positive effects were selected using the CSRI
value, and further experiments were conducted in these
groups.

Tube Growth Dynamics and Kymograph Analysis

In order to observe the effects of Spd treatments on the
tube growth dynamics and oscillations, randomly selected
5 pollen grains' tube elongations were observed for each
group. Tube elongations during the 1 h germination period
were photographed every 5 min and tube lengths were
calculated using the Imagel software. The tube elonga-
tion velocity was calculated by dividing the determined
tube elongation length every 5 min by 5. First, tube elon-
gation velocities of the groups were compared between
minutes, and then pollen tube elongation velocities of
the groups per minute were compared among the groups.
Afterward, in order to make a general evaluation, a pollen
tube elongation velocity profile was created to show the
elongation velocities of the groups every 5 min. To make
kymograph analysis, 12 photos were taken for each pollen
tube then converted into image series with the 'Image to
Stack' plugin of the Fiji software. For each frame in the
image series, the gray values in a specific area of interest
were analyzed and the series were converted into kymo-
graph profiles with the 'Multi Kymograph' plugin of the
Fiji software.

Actin Filament Dynamics

Pollen tubes were fixed for 30 min by a fixation buffer (pH
6,9) containing 100 mM PIPES, 5 mM MgSO,, 0.5 mM
CaCl,, 0.05% (v/v) Triton X-100, 1.5% (v/v) formalde-
hyde and 0.05% (v/v) glutaraldehyde. After washing with
a washing buffer, which is formaldehyde- and glutaralde-
hyde-free version of the fixation buffer, tubes were incu-
bated for 15 min in the washing buffer containing Alexa
488-phalloidin. After rewashing, actin organization was
examined with a fluorescence microscope at 488-515 nm
and micrographs were captured (Lovy-Wheeler et al.
2005). We look after it carefully in order to be capable
of using both the same focal plane and the fluorescence
settings for all groups. To get quantitative results, actin
filament anisotropy values in the apex and shank regions
were measured using “Fibril Tool” plugin of ImageJ soft-
ware, in at least 20 pollen tubes with the equivalent length
for each group (Boudaoud et al. 2014). Signals were reset
against background noise. Anisotropy analysis was not
performed in the sub-apex region because the actin fringe
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is a very small region of the tube and it was very difficult
to observe. The apex region was selected as a 10 pm seg-
ment from the tube tip and the shank region was selected
as a 40 pm segment from the border of the apex region.
According to the anisotropy analysis, O value represented
high actin dynamism, while 1 value represented the least
actin dynamism.

Ca*?, pH and ROS Gradients

Pollen tubes were labeled with 5 uM Chlortetracycline hydro-
chloride (CTC) for Ca*?, 5 uM 2', 7'-bis-(2-Carboxyethyl)-
5-(and-6)-carboxyfluorescein acetoxymethyl ester (BCECF-
AM) for pH and 20 pM 2',7'-dichlorodihydrofluorescein
diacetate (H,DCFDA) for ROS. Ca*?, pH, and ROS gra-
dients within the tubes were examined with a fluorescence
microscope at 515-536 nm, 440—490 nm, and 500-535 nm,
respectively, and micrographs were captured within 5 min
after the probes were added to the pollen tubes. In situ cali-
bration of BCECF-AM was conducted according to Fricker
et al. (1997). Carefully it was taken to be used for both same
focal plane and fluorescence settings for all groups. For more
efficient detailed analysis, micrographs were converted to
16 color scale using ImageJ. To get quantitative results, the
normalized fluorescence intensities of probes in a 100 um?
area of the apical region were measured using the ‘Rectangle
Selection' option of ImageJ software, in at least 20 tubes
with the equivalent length for each group. The normalized
fluorescence intensities of probes were also measured inside
the pollen tube along its growth axis, starting from the out-
ermost tip to 50 pm backwards and using the ‘Segmented
Line’ option of Image]J with a selection width of about 4 pm.
Signals were reset against background noise.

SUS Enzyme Localization

Pollen tubes were fixed for 30 min in a fixation buffer (pH
6.9) containing 50 mM PIPES, 0.5 mM MgCl,, 1 mM
EGTA, and 3% (v/v) formaldehyde. After washing with a
washing buffer, which is a formaldehyde-free version of the
fixation buffer, pollen tubes were incubated for 10 min in
the washing buffer containing 1,5% cellulase and 1.5% pec-
tinase. After rewashing, pollen tubes were incubated over-
night in the washing buffer that contain 1:100 SUS primer
antibody. After another rewash, pollen tubes were incubated
for 45 min in the washing buffer containing 1:150 Alexa
Goat anti-rabbit secondary antibody (Persia et al. 2008).
After the last washing operation, sucrose synthase enzyme
localization was examined with a fluorescence microscope
at 488—-515 nm and micrographs were captured. With a lot
of care, both same focal plane and fluorescence settings
were used for all groups. To get the quantitative results, the
normalized fluorescence intensity of the SUS antibody in
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a 100 um? area of the apical region was measured using
the ‘Rectangle Selection’ option of Image J software, in at
least 20 tubes with the equivalent length for each group. The
normalized fluorescence intensity of the SUS antibody was
also measured inside the pollen tube along its growth axis,
starting from the outermost tip to 50 pm backwards using the
‘Segmented Line’ option of Image] with a selection width
of about 4 pm. Signals were reset against background noise.

Callose, Cellulose and Pectin Distribution

Pollen tubes were stained with 0.1% Aniline blue for cal-
lose (Wang et al. 2003), 1% Calcofluor white for cellulose
(Derksen et al. 2002), and 20 uM Propidium iodide for pec-
tin (Rounds et al. 2011). Callose, cellulose, and pectin dis-
tributions were examined by a fluorescence microscope at
455495 nm, 365-432 nm, and 482-608 nm, respectively,
and micrographs were captured. Carefully, we use the same
focal plane and the same fluorescence settings for all groups.
To get the quantitative results, the normalized fluorescence
intensities of stains in a 100 um? area of the apical region
were measured using the ‘Rectangle Selection’ option of
Image J software, in at least 20 tubes with the equivalent
length for each group. The normalized fluorescence intensi-
ties of stains were also measured on cell wall segments along
its growth axis, starting from the outermost tip to 50 pm
backwards using the ‘Segmented Line’ option of ImageJ
with a selection width of about 2 pm. Signals were reset
against the background noise.

Movement and Morphology of Generative Nucleus

Pollen tubes were labeled by 1 pg/ml 4’,6-diamidino-2-phe-
nylindole (DAPI) (Covey et al. 2010). At least 50 pollen
tubes for each group were examined with a fluorescence
microscope at 358—461 nm and micrographs were captured.
The micrographs of DAPI-labeled pollen tubes were also
used to detect DNA damage in generative nuclei. With a
lot of care, we use the same focal plane and the same fluo-
rescence settings for all groups. Pollen tube lengths, and
the distances of DAPI-labeled generative nuclei to the tube
tip and also to the pollen grain were calculated using the
'Segmented Line' option of ImageJ software. The distances
traveled by the generative nuclei in the pollen tube (%) were
calculated by dividing the 100-fold distance of the genera-
tive nuclei to the pollen grain by the tube length. Also, the
transport velocity (um/min) of generative nuclei to the tube
tip were calculated by dividing the distances of generative
nuclei to the pollen grain by 60.
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Statistical Analysis

All measurements were made in 3 repetitions. All meas-
urement and calculation results were statistically compared
by the ONE-WAY ANOVA (p <0.05) test using the SPSS
program.

Results
Pollen Germination Rate and Pollen Tube Length

In order to examine the effects of Spd treatment with dif-
ferent concentrations on pollen tube elongation, the fallout
of Spd treatments on pollen germination and tube length
were examined first and representative images are presented
in Fig. la—g. No apparent morphological abnormality was
observed in the pollen tubes of the control and treatment
groups (Fig. 1h). The pollen germination rate was signifi-
cantly decreased by 76.79% after 0.25 mM Spd and by
88.09% after 0.5 mM Spd treatment, compared to the control

(Fig. 11). There was no statistically prominent difference in
pollen germination rate in other treatment groups, compared
to the control. Compared to the control, pollen tube length
increased statistically significantly by 14.02% after 0,01 mM
Spd and by 8.12% after 0.05 mM Spd treatment. However,
pollen tube length decreased significantly by 45.53% after
0.25 mM Spd and by 81.16% after 0.5 mM Spd treatment,
compared to the control (Fig. 1j).

Evaluation of CSRI Values

As we aimed to reveal both negative and positive effects of
Spd on pollen tube elongation, we calculated the CSRI val-
ues of the groups to determine the groups showing the most
negative and positive consequences. An evaluation key was
created based on the CSRI values. According to the evalu-
ation key, it was determined that groups with a CSRI value
below —90.79 did not show tolerance to the specified Spd
concentration, groups with a CSRI value between —90.79
and — 12.31 showed medium tolerance to the specified
Spd concentration, and also groups with a CSRI value

Pollen germination rate (%)

Control 00lmM  0,025mM  0,05mM 0,1 mM

Spd Spd Spd Spd

Jd o

Fig.1 Effect of Spd on pollen germination and tube elonga-
tion a Control. b 0,01 mM Spd. ¢ 0,025 mM Spd. d 0,05 mM Spd.
e 0,1 mM Spd. f 0,25 mM Spd. g 0,5 mM Spd. h Representative

Pollen tube length (um)
o
8

Control

0,0l mM 0,025 mM
Spd Spd Spd Spd Spd

0,05 mM 0,lmM  025mM

images of pollen tube. i Pollen germination rates (%). j Pollen tube
lengths (um). Bar: 50 pum. Vertical bars stand for standard errors
among mean values at p <0.05
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between — 12.31 and 66.15 showed tolerance the specified
Spd concentration. CSRI values revealed that the concentra-
tion with the best effect on tube elongation was 0.01 mM
Spd and the concentration with the worst effect was 0.5 mM
Spd (Table 1). Since it was targeted at clarifying both neg-
ative and positive activity of Spd concentrations on tube
elongation, further experiments were performed in groups
of 0.01 mM Spd, which showed the best effect, and 0.5 mM
Spd, which showed the worst effect on tube elongation.

Tube Elongation Velocities and Kymograph Analysis

In order to observe the effects of Spd treatments on tube
elongation velocities, tube elongation velocities of control,
0.01 mM Spd, and 0.5 mM Spd groups every 5 min for 1 h
were calculated. First, the tube elongation velocities of each
group were compared between minutes (5, 10, 15, 20, 25,
30, 35, 40, 45, 50, 55, 60). It was determined that the tube
elongation velocities were maximum at Sth minutes for all
groups. In the control and 0,5 mM Spd groups, tube elonga-
tion velocity was statistically significantly decreased at the
10th, 15th, 20th, 25th, 30th, 35th, 40th, 45th, 50th, 55th, and
60th minutes compared to the Sth minutes (Fig. 2a). After
0.01 mM Spd treatment, there was no statistically signifi-
cant difference in pollen tube elongation velocities between

minutes (Fig. 2a). Secondly, the tube elongation velocities
of the groups at every 5 min were compared between the
groups. Tube elongation velocities at the Sth, 10th, 15th,
20th, 25th, 30th, 35th, 40th, 45th, 50th, 55th, and 60th
minutes did not show a statistically significant difference
between the groups (Data not presented).

In order to make a general evaluation, a tube elongation
velocity profile was created showing the tube elongation
velocities of the groups in every 5 min for 1 h. Accord-
ing to this profile, the maximum elongation velocity val-
ues between the groups were observed in 4 time periods
and the minimum elongation velocity values between the
groups were observed in 2 time periods in the control group.
After the treatment of 0.01 mM Spd, the maximum elon-
gation velocity values between the groups were observed
in 8 time periods, while the minimum elongation velocity
values between the groups were not detected in any time
period. Then, after the treatment of 0.5 mM Spd, the mini-
mum elongation velocity values between the groups were
observed in 8 time periods, while the maximum elongation
velocity values between the groups were not detected in any
time period (Fig. 2b).

In order to observe the effects of Spd treatments on
the tube elongation oscillations, kymograph profiles of
the groups were created. The linearity of the kymograph

Table 1 CSRI values

0.0l mM 0.025 mM 0.05mM 0.1 mM 025mM 0.5 mM
CSRI 37.76 —37.68 10.29 —49.36 —122.33 -169.26
Evaluation Tolerant Medium tolerant  Tolerant Medium tolerant  Intolerant Intolerant
Evaluation key  Intolerant < — 90.79 < Medium tolerant < — 12.31 < Tolerant < 66.15
9 =8
_a E
E 8 E 7
% 7 aa % 6
> =
-‘E" zs
2 g
E 2 b N
2, # H
<3 =
=2 =
g 1 |I {’ I i |II
a &0
0 I II | I I I I Minuwte O 5 10 15 20 25 30 35 40 45 50 55 60
a u Control w0,0lmM Spd = 0,5 mM Spd e=Control «=0,0lmM Spd «=0,5 mM Spd
Control ' 0,01 mM | 0,5 mM _ =T
_— e -y

C=""T il n-“_

Fig.2 Effect of Spd on tube elongation velocities and oscillations a
Tube elongation velocity of control, 0,01 mM Spd and 0,5 mM Spd
(um/5 min). b Tube elongation velocity profile (um/5 min). ¢ Kymo-
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profile in the control group revealed that the tube elonga-
tion oscillations were constant. After 0.01 mM Spd treat-
ment, although the kymograph profile was linear from
the 5th to the 60th minute, it was determined that the tube
elongation oscillation increased compared to the control.
After 0.5 mM Spd treatment, although the kymograph
profile showed linearity up to about 5th minutes, it was
determined that the growth oscillation was significantly
reduced after the 5Sth minute compared to the control
(Fig. 2¢).

Organization of Actin Cytoskeleton

To observe the effects of Spd treatments on actin
cytoskeleton organization in pollen tubes, the distribu-
tion of actin filaments in pollen tubes was examined. In
control and after 0.01 mM Spd treatment, actin filaments
were observed as long parallel bundles in the shank while
they were observed as randomly arranged short filaments
in the apex. After 0.5 mM Spd treatment, we have noticed
that actin filaments were not fibrillar in the shank and
were randomly packed in the apex (Fig. 3a). In order to
make a quantitative evaluation, anisotropy values of actin
filaments were analyzed in the shank and apex. Accord-
ing to the findings, actin filament anisotropy in the apex
decreased statistically by 26.60% after 0.01 mM Spd treat-
ment and increased significantly by 33.33% after 0.5 mM
Spd treatment, compared to the control (Fig. 3b). Also,
actin filament anisotropy in the shank increased signifi-
cantly by 68.42% after 0.01 mM Spd and 168.42% after
0.5 mM Spd treatment, compared to the control (Fig. 3c).

0,01 mM

Control

a

Anisotropy of actin filaments in the apex

0

=n

Control 0,01 mM Spd

0,5 mM Spd

Ca*? Gradient

CTC probe signal was examined in pollen tubes to observe
the effects of Spd treatments on intracellular Ca>* gradient
in pollen tubes. In control, while the Ca*? signal was intense
in the apex, it gradually decreased towards the shank and
formed a gradient. After 0.01 mM Spd treatment, there was
no relative difference in the Ca*? signal and gradient in the
pollen tubes compared to the control. After 0.5 mM Spd
treatment, the Ca*? signal in the tube apex and shank was
relatively stronger than the control and also the gradient was
shorter but distinct (Fig. 4a). In order to make a quantitative
evaluation, the normalized fluorescence intensity of the CTC
probe was measured in a 100 um? area of the apical region.
Despite the no statistically significant difference in the Ca*?
signal in the apex after 0.01 mM Spd treatment compared
to the control, the signal was increased statistically by
52.66% compared to the control after 0.5 mM Spd treat-
ment (Fig. 4b). For a more detailed evaluation, the normal-
ized fluorescence intensity of the CTC probe was measured
inside the pollen tube along its growth axis, starting from the
outermost tip to 50 pm backward with a selection width of
about 4 pm. According to the findings, although the distri-
bution of the Ca*? signal in the tube showed numerical dif-
ferences between the groups, their gradient models showed
similar trends. In all groups, the Ca** signal increased up
to 2—4 pm and then decreased up to 50 pm. Although the
Ca”* signal distribution in the control and 0.01 mM Spd
groups were in similar ranges, deviations occurred in the
Ca*? signal distribution in the tube after 0.5 mM Spd treat-
ment. After 0.5 mM Spd treatment, although the Ca®* signal
was significantly higher between 0 and 7 pm than the other
groups, it progressed in similar ranges with the other groups
after about 7 pm (Fig. 4c).

0,5 mM

0.5

04

Anisotropy of actin filaments in the shank

Control

0,01 mM Spd 0,5 mM Spd

Fig. 3 Effect of Spd on organization of actin cytoskeleton a Representative images of actin filament distribution. b Anisotropy of actin filaments
in the apex. ¢ Anisotropy of actin filaments in the shank. Bar: 50 um. Vertical bars stand for standard errors among mean values at p <0.05

@ Springer



Journal of Plant Growth Regulation

apex) (Pixel intensity)
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S 3 3 3 3

(at the area that covers the 100 pm? of the
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c Normalized fluorescence intensity of CTC
o

0,01 mM Spd 0,5 mM Spd

F

w
S

Normalized fluorescence intensity of
pm? of the apex) (Pixel intensity)
o
3

BCECF-AM (at the area that covers the 100

©
S
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0
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(-]

0,01 mM Spd 0,5 mM Spd

Control 0,01 mM

w s o
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pm? of the apex) (Pixel intensity)
N

Normalized fluorescence intensity of
H,DCFDA (at the area that covers the 100

Control

-

0,01 mM Spd 0,5 mM Spd

Fig.4 Effect of Spd on organization of Ca*?, pH and ROS gradi-
ent a Representative images of Ca*? gradient. b Normalized fluo-
rescence intensity of the CTC probe in a 100 um? area of the apical
region. ¢ Normalized fluorescence intensity of the CTC probe on
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pH Gradient
BCECF-AM probe signal was examined in pollen tubes to

observe the consequences of Spd treatments on intracellular
pH gradient in pollen tubes. In control, while the pH signal
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was intense in the apex, it gradually decreased towards the
shank and formed a gradient. After 0.01 mM Spd treatment,
although a relative difference was not detected in the pH
signal in the tube apex compared to the control, the pH sig-
nal was stronger than the control group in the shank. After
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0.5 mM Spd, the pH signal throughout the tube was con-
siderably higher than the control and the gradient began to
deteriorate (Fig. 4d). In order to make a quantitative evalu-
ation, the normalized fluorescence intensity of the BCECF-
AM probe was measured in a 100 um? area of the apical
region. Although no significant difference was detected in
the pH signal in the tube apex after 0.01 mM Spd treatment
compared to the control, the signal increased statistically
significantly by 122.90% after 0.5 mM Spd treatment, com-
pared to the control (Fig. 4e). For a more detailed evaluation,
the normalized fluorescence intensity of the BCECF-AM
probe was measured inside the pollen tube along its growth
axis, starting from the outermost tip to 50 pm backward with
a selection width of about 4 pm. According to the findings,
although the distribution of the pH signal in the tube showed
numerical differences between the control and 0,01 mM Spd
groups, their gradient models showed similar trends. In these
groups, the pH signal has increased up to about 2—5 pm and
then decreased gradually to up to 50 pm. After 0,5 mM Spd
treatment, the pH signal increased up to 26 pm and then
reduced up to 50 pm (Fig. 4f).

ROS Gradient

H,DCFDA probe signal was examined in pollen tubes to
observe the effects of Spd treatments on intracellular ROS
gradient in pollen tubes. In control, while the pH signal was
intense in the apex, it gradually decreased towards the shank
and formed a gradient. After 0.01 mM Spd treatment, the
ROS signal of both the apex and shank was weaker than the
control. After 0.5 mM Spd treatment, the ROS signal in the
apex and shank was higher than the control and the gradient
began to deteriorate (Fig. 4g). In order to make a percepti-
ble evaluation, the normalized fluorescence intensity of the
H,DCFDA probe was measured in a 100 um? area of the
apical region. According to the findings, after 0.01 mM Spd
treatment, the ROS signal decreased statistically by 42.64%
compared to the control, while the signal increased by
55.38% compared to the control, after 0.5 mM Spd treatment
(Fig. 4h). For a more detailed evaluation, the normalized
fluorescence intensity of the H,DCFDA probe was measured
inside the pollen tube along its growth axis, starting from the
outermost tip to 50 pm backward with a selection width of
about 4 pm. According to the findings, although the distri-
bution of the ROS signal in the tube showed numerical dif-
ferences between the groups, their gradient models showed
similar trends. In control and 0.01 mM Spd groups, the ROS
signal increased up to about 6 pm, then showed a relatively
regular distribution down to 50 pm. However, after 0.5 mM
Spd treatment, the ROS signal increased up to about 5-6 pm
and then showed a relatively regular distribution with some
reductions up to 50 pm (Fig. 41).

Sucrose Synthase Enzyme Localization

SUS signal was examined in pollen tubes to observe the
effects of Spd treatments on sucrose synthase enzyme locali-
zation in pollen tubes. In control, while the SUS signal was
intense in the apex, it gradually decreased towards to the
shank. No relative difference was detected in the SUS signal
in pollen tubes after 0.01 mM Spd treatment, compared to
the control. However, after 0.5 mM Spd treatment, the SUS
signal in the apex was relatively stronger than the control
and also, it was determined that SUS signal clusters were
formed at the points close to the wall in the shank (Fig. 5a).
In order to make a quantitative evaluation, the normalized
fluorescence intensity of the SUS was measured in a 100
um? area of the apical region. Although no important differ-
ence was detected in the SUS signal compared to the control
after 0.01 mM Spd treatment, the SUS signal increased sta-
tistically by 72.15% compared to the control after 0.5 mM
Spd treatment (Fig. 5b). For a more detailed evaluation, the
normalized fluorescence intensity of the SUS was measured
on cell wall segment of pollen tube along its growth axis,
starting from the outermost tip to 50 pm backward with a
selection width of about 2 pm. Although the SUS signal
was in the same ranges in the control and 0,01 mM Spd
groups between 0 and 5 um, the signal was more intense
after 0.5 mM Spd treatment. Although the SUS signal was
almost equal in all groups between 5 and 15 um, the signal
was higher in the control and 0.5 mM Spd groups. After
15 pm, the SUS signal showed similar increasing trends in
all groups including the control (Fig. 5c).

Callose, Cellulose and Pectin Distribution

Changes in the distribution of callose, cellulose and pectin
were examined to observe the effects of Spd treatments on
the pollen tube wall. According to the results of Aniline
blue staining, it was determined that callose accumulated
intensively on the pollen tube wall, excluding the apex, in
the control group. Although there was no relative difference
in callose accumulation in pollen tubes after 0.01 mM Spd
treatment compared to control, dense callose accumulation
in the tube apex after treatment of 0.5 mM Spd was quite
remarkable (Fig. 5d) In order to make a quantitative evalu-
ation, the normalized fluorescence intensity of the Aniline
blue was measured in a 100 um? area of the apical region.
According to the findings, although no statistically signifi-
cant difference could be detected in the callose deposition
of tube apex after 0.01 mM Spd treatment compared to the
control, the callose accumulation of tube apex increased sta-
tistically by 179.62% compared to the control after 0.5 mM
Spd treatment (Fig. 5e). For a more detailed evaluation,
the normalized fluorescence intensity of the Aniline blue
was measured on cell wall segment of pollen tube along its
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«Fig.5 Effect of Spd on the distribution of sucrose synthase enzyme
and cell wall polysaccharides a Representative images of sucrose syn-
thase enzyme distribution. b Normalized fluorescence intensity of the
SUS antibody in a 100 um? area of the apical region. ¢ Normalized
fluorescence intensity of the SUS antibody on the cell wall segment
starting from the tip to 50 pm backward. d Representative images of
callose distribution. e Normalized fluorescence intensity of the Ani-
line blue in a 100 um? area of the apical region. f Normalized fluores-
cence intensity of the Aniline blue on the cell wall segment starting
from the tip to 50 um backward. g Representative images of cellu-
lose distribution. h Normalized fluorescence intensity of the Calco-
fluor white in a 100 um? area of the apical region. i Normalized fluo-
rescence intensity of the Calcofluor white on the cell wall segment
starting from the tip to 50 um backward. j Representative images of
pectin distribution. k Normalized fluorescence intensity of the Pro-
pidium iodide in a 100 um? area of the apical region. 1 Normalized
fluorescence intensity of the Propidium iodide on the cell wall seg-
ment starting from the tip to 50 um backward. Bar: 50 um. Vertical
bars stand for standard errors among mean values at p <0.05

tube wall, including the apex, in all groups (Fig. 5g). As a
result, the normalized fluorescence intensity of the Calco-
fluor white was measured in a 100 um? area of the apical
region. According to the results, cellulose deposition was
statistically significantly reduced by 31.80% compared to
the control after 0.01 mM Spd treatment, while there was
no statistical difference in cellulose deposition after 0.5 mM
Spd treatment compared to the control (Fig. Sh). For a more
detailed evaluation, the normalized fluorescence intensity
of the Calcofluor white was measured on cell wall segment
of pollen tube along its growth axis, starting from the outer-
most tip to 50 pm backward with a selection width of about
2 pm. According to the maintaining results, it was deter-
mined that the cellulose distribution in the pollen tubes of all
groups increased regularly from the tube apex to the shank.
Although the cellulose distribution showed numerical differ-
ences between these groups, the scatter plots showed similar
trends except for some minor differences (Fig. 51).

According to the results achieved of Propidium iodide, it
was finalized that pectin accumulated along the entire tube
wall, including the apex, in control group. There was no
relative difference in pectin accumulation in pollen tubes
after 0.01 mM and 0.5 mM Spd treatments compared to con-
trol (Fig. 5j). In order to make a quantitative evaluation, the
normalized fluorescence intensity of the Propidium iodide
was measured in a 100 um? area of the apical region. As a
result, 0.01 mM and 0.5 mM Spd treatments did not create a
statistically huge difference in pectin distribution compared
to the control (Fig. 5k). For a more detailed evaluation, the
normalized fluorescence intensity of the Propidium iodide
was measured on cell wall segment of pollen tube along its
growth axis, starting from the outermost tip to 50 pm back-
ward with a selection width of about 2 pm. According to
the findings, it was determined that the pectin distributions
of all groups were in the same ranges and showed similar
trends (Fig. 51).

Movement and Morphology of Generative Nucleus

In order to observe the effects of Spd treatments on the
movement of generative nuclei to the tube tip, distances of
the generative nuclei to the tube tip and the distances of the
generative nuclei to the pollen grain were calculated in the
pollen tubes stained with DAPI. Then, using these measure-
ments, the distance traveled by the generative nuclei in the
pollen tube (%) and transport velocity of generative nuclei
to the tube tip (um/min) were calculated. After 0,01 mM
Spd treatment, there was no statistically significant differ-
ence in the distance of generative nuclei to the pollen grain
compared to the control, but after 0.5 mM Spd treatment,
it decreased significantly by 86.61% compared to the con-
trol (Fig. 6a) After 0.01 mM Spd treatment, there was no
statistically significant difference in the distance of genera-
tive nuclei to the tube tip compared to the control, but after
0.5 mM Spd treatment, it decreased significantly by 85.71%
compared to the control (Fig. 6b). After the treatments of
0.01 mM Spd and 0.5 mM Spd, there was no statistically
significant difference compared to the control group in
the distance travelled by the generative nuclei in the tube
(Fig. 6¢). After 0.01 mM Spd treatment, there was no statis-
tically important difference in the transport velocity of the
generative nuclei compared to the control, but after 0,5 mM
Spd treatment, it was decreased significantly by 86.55%
when compared to the control (Fig. 6d). No damage was
detected in the generative nuclei in any group, including the
control (Fig. 6e).

Discussion

Pollen germination rates and pollen tube lengths are the
main parameters used to monitor pollen tube elongation,
and different concentrations of different PAs are known to
have different effects on pollen germination and tube elon-
gation (Sorkheh et al. 2011). Song et al. (1999) investigated
the effects of 0,005 mM, 0.005 mM and 0.5 mM Spd con-
centrations on the pollen grains of Lycopersicum esculantum
and reported that only 0.05 mM Spd increased the pollen
germination rate and tube length. Wu et al. (2010) reported
that 0.1 mM and 1 mM Spd increased pollen tube length in
Pyrus pyrifolia. In the study conducted with pollen grains
of Pyrus communis, it was determined that Spd concentra-
tions of 1 uM, 10 uM, 100 uM, 250 uM, 400 pM, 500 uM,
750 uM, 1 mM, and 2 mM reduced the length of the pol-
len tube (Aloisi et al. 2015). Benk®d et al. (2020) reported
that 10 pM and 50 pM Spd concentrations applied to pol-
len grains increased pollen germination and tube elongation
in Nicotiana tabacum. These findings reveal that different
doses of Spd may have different effects on pollen of differ-
ent species. In this study, it was revealed that 0.01 mM and
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Fig.6 Effect of Spd on the movement and morphology of genera-
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by generative nuclei in the pollen tube (%). d Transport velocity of

0.05 mM Spd concentrations increased the tube length, while
0.25 mM and 0.5 mM Spd concentrations decreased the tube
length. Wolukau et al. (2004) have been studied with pollen
grains of Prunus mume, a species close to Prunus domes-
tica, and they determined that from 0.01 mM, 0.025 mM,
0.5 mM, to 2.5 mM Spd concentrations, only 2.5 mM Spd
increased germination, and 0.025 mM and 0.25 mM Spd
increased tube length. In addition, in a study conducted on
Prunus dulcis, a species close to Prunus domestica, it has
been reported that all concentrations except 2.5 mM Spd
from 0.01 mM, 0.025 mM, 0.05 mM, 0.25 mM, 0.5 mM, and
2.5 mM Spd increased the pollen germination. In the same
study, it was determined that 0.025 and 0.25 mM Spd con-
centrations increased the tube length (Sorkheh et al. 2011).
When the findings of this study are compared with the find-
ings of Prunus mume (Wolukau et al. 2004) and Prunus
dulcis (Sorkheh et al. 2011), the observed differences sup-
port the idea that different doses of Spd may have different
effects on pollen grains of different species.

Despite the fact that the most determining factors for
monitoring pollen tube elongation are pollen germination
and tube length, different internal or external parameters
may have different effects on these factors. For instance,
in this study, 0.01 mM Spd and 0.05 mM Spd treatments
did not cause a statistically valuable change on pollen
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germination, yet aggrandized pollen tube lengths signifi-
cantly compared to the control. Therefore, to examine the
effects of any factor on pollen tube elongation, the results
of pollen germination rate and tube length should be evalu-
ated cumulatively (Dai et al. 1994). The CSRI assessment
is often used to evaluate the effects of any stress factor on
pollen tube elongation of different genotypes of a species
(Liu et al. 2023). However, this evaluation can also be used
to compare the effects of stress factors at different doses or
application times on tube elongation of pollen belonging to
a single genotype (Cetinbas-Geng et al. 2022). Research-
ers used pollen germination rate and pollen tube lengths to
determine CSRI values in their studies on Olea europaea
and Prunus dulcis (Koubouris et al. 2009; Sorkheh et al.
2018). In addition, Koti et al. (2004) used pollen viability,
pollen count and flower diameter as well as pollen germina-
tion rate and pollen tube lengths to evaluate the effects of
CO,, temperature and UV stress on pollen grains of Gly-
cine max. Since it was aimed to clarify the negative and
positive effects of Spd concentrations on tube elongation
in this study, to detect the concentrations with the best and
worst effect, pollen germination rate and pollen tube lengths
were used to determine CSRI values. It was determined that
0.01 mM Spd treatment showed the best effect and 0.5 mM
Spd showed the worst effect on tube elongation.
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Researchers stated in their studies on Lilium longiforum,
which is widely used as a model for in vitro pollen germina-
tion studies, that the pollen tube elongation velocity is slow
in the first 1.5 h, but the elongation rate increases afterward
(Cardenas et al. 2005). In this study, it was bent; that the pol-
len tube elongation velocity was maximum at the Sth min-
ute for the control, 0.01 mM Spd and 0.5 mM Spd groups.
Researchers have reported that the pollen tube elongation
velocity in Lilium longiforum is 7.2—12 pm/min (Dong et al.
2012). Geitmann et al. (1996) reported that the pollen tube
elongation velocity was 5 pm/min in Nicotiana tabacum.
Pollen tube elongation velocity was found to be 1.2—12 pum/
min in rbohh-1 rbohj-2 mutants and 3—-6 um/min in Col-0
mutant of Arabidopsis thaliana (Lassig et al. 2014). In this
study, the elongation velocitiy of pollen tubes belonging to
the control group was determined as 0.1-1.46 um/min. The
difference of these results to the literature can be explained
by the differences in the examined species and germination
times. In addition, according to the pollen tube elongation
velocity profile obtained from this study, the maximum elon-
gation velocity value among all groups was observed in a
total of 8 time periods at 0.01 mM Spd concentration, which
statistically increased the pollen tube length compared to the
control, and this showed parallelism with the pollen tube
length results. Likewise, the fact that 0.5 mM Spd concen-
tration, which reduced the pollen tube length statistically
significantly compared to the control group, showed a mini-
mum elongation velocity in a total of 8 time periods, which
showed parallelism with our pollen tube length results.

It has been determined that the pollen tube lengths of
Nicotiana tabacum are reduced in pollen grains exposed to
heat stress and this is reflected in tube elongation oscillations
(Parrotta et al. 2016). In addition, it was also revealed that
pollen tube lengths increased in pollen grains exposed to
the cold stress of Nicotiana tabacum, and accordingly, pol-
len tube growth oscillations increased (Parrotta et al. 2019).
Also, it was reported that pollen germination and tube elon-
gation were decreased in AHA6, AHAS8, and AHA9 mutants
of Arabidopsis thaliana, and these effects were reflected in
the kymograph profile in pollen tubes (Hoffman et al. 2020).
It was stated that 400 pM Put applied to pollen grains of
Camellia sinensis increased pollen tube length and pollen
tube elongation oscillations, and 800 uM Put concentrations
decreased pollen tube length and tube elongation oscilla-
tions (Cetinbas-Geng 2020a). The kymograph profiles in this
study showed parallelism with the pollen tube length results.
It was determined that elongation oscillations increased after
0.01 mM Spd treatment, which increased the pollen tube
length statistically significantly compared to the control
group, and decreased after 0.5 mM Spd concentration, which
significantly decreased the pollen tube length compared to
the control group. These findings, which are in line with the
literature, revealed that pollen tube length and pollen tube

elongation release are closely related and that different Spd
concentrations affect pollen tube lengths at different levels,
causing different effects on pollen tube growth oscillations.

Researchers have reported that PAs can be covalently
bound to actin monomers through the trans glutamine’s
enzyme, and they can change the binding capacity of actin
filaments with motor proteins and may be a regulator of
pollen tube elongation by modulating the activities of the
actin cytoskeleton in the pollen tube (Aloisi et al. 2016). It
has also been reported that high concentrations of PAs can
block actin cytoskeletal dynamism (Del Duca et al. 2013).
The outcomes of PAs on the actin cytoskeleton in pollen
tubes have been previously studied by many researchers.
Aloisi et al. (2017) determined that 100 uM Spm applica-
tion reduced pollen tube length and pollen tube elongation
velocity in Pyrus communis and reported that these changes
were associated with changes in the actin cytoskeleton. It has
been revealed that Put concentrations of 0.25 mM and above
inhibit pollen tube elongation in Corylus avellana and this
inhibition is associated with an increase in actin filament
anisotropy (Cetinbas-Geng et al. 2020b). It has also been
reported that 400 pM Put treatment in Camellia sinensis
increases pollen tube length by decreasing actin filament
anisotropy in both apex and shank (Cetinbas-Geng¢ 2020a).
In this study, the gaining dynamism of actin filaments in the
apex after 0.01 mM Spd treatment is consistent with pol-
len tube length results. Because pollen tube lengths in this
group also increased statistically significantly compared to
the control group. In addition, after 0.5 mM Spd treatment,
actin filaments in the apex lost their dynamism and pollen
tube lengths in this group were statistically significantly
decreased compared to the control. Therefore, the findings
obtained from this study are compatible with the literature
stating that the actin cytoskeleton plays a regulatory role in
pollen tube elongation (Cai et al. 2015; Dong et al. 2012).
Although the results of actin filament anisotropy in the apex
were consistent with the pollen tube length findings, the
decrease detected in actin filament dynamism in the shank
after 0.01 mM Spd treatment did not show parallelism with
the pollen tube length findings. However, the researchers
stated that the actin filaments in the apex should be very
dynamic to adapt to the changing growth conditions, and
they emphasized that the actin filaments in this region are
much more important for tube elongation than other regions
(Cai et al. 2015). Therefore, it is thought that the consistency
of the results in the apex with the pollen tube length may
be sufficient to ignore results of shank in the treatment of
0.01 mM Spd.

Many researchers have associated the deterioration in the
intracellular Ca*? gradient with either the disruption of tube
elongation or the inhibition of tube elongation (Monteiro
et al. 2005; Winship et al. 2017). In regularly developing
pollen tubes, the high Ca*? concentration in the tube apex
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decreases towards the shank (Konrad et al. 2011; Steinhorst
and Kudla 2013). In this study, although the Ca*? concentra-
tion in the tube showed numerical differences between the
groups, the Ca*? gradient was evident in the pollen tubes
of all groups and was consistent with the literature. Polito
(1983) stated that the pollen tube apex is rich in vesicles and
that the Ca*? concentration in this region will be an indicator
of vesicle activity and thus tube elongation. In this study,
it was determined that the Ca*? concentration in the tube
apex increased statistically significantly after only 0.5 mM
Spd treatment compared to the control group. In addition,
the sharp decrease in pollen tube length and the increase
in actin anisotropy in the apex are also quite remarkable in
this group. These findings suggested that after 0.5 mM Spd
treatment, the high Ca*? concentration in the tube apex and
the deviations in the Ca*? signal distribution throughout the
tube disrupt the actin cytoskeleton dynamism and prevent
the transport of vesicles to the tube tip, and thus this Spd
concentration inhibits pollen tube elongation. Because it is
known that the intense Ca*™? accumulation in the tube apex
can trigger a series of dramatic effects such as depolymeriza-
tion on the actin cytoskeleton (Aloisi et al. 2015).

Hepler (2016) reported that some stimuli may cause a
change in membrane permeability by activating Ca™ perme-
able channels in the plasma membrane or inner membranes.
Ca™? enters the pollen tube through Ca*? channels in the
apical plasma membrane and it is exported by Ca*? pumps,
thus maintaining Ca*? homeostasis in the tube (Kroeger
et al. 2008). PAs are known to regulate the elongation of
pollen tubes by playing a role in modulating Ca*? signaling
(Pottosin and Shabala 2014). It has been demonstrated by
various researchers that PAs can directly affect the activation
of many ion channels, including Ca*? channels (Abbasi et al.
2017; Kolupaev et al. 2022). It has been reported that the
Ca*? gradient localized in the tube apex in Pyrus communis
changed after PA application (Aloisi et al. 2015). In addi-
tion, it has been deducted that the Ca*? gradient in the tube
apex changes after Spd treatment in Camellia sinensis, and it
has been hypothesized that Spd is effective on Ca*? channels
in pollen tubes (Cetinbas-Geng et al. 2020a). Therefore, in
this study, it was thought that the high Ca*? concentration in
the tube apex observed after 0.5 mM Spd treatment may also
be related to changing membrane permeability. However,
there is no direct evidence in this study that 0.5 mM Spd
treatments affects the Ca*? channels in the tube apex and
changes the membrane permeability.

Researchers stated that the apex of the pollen tubes is
acidic and the acidity decreases towards the shank (Feijo
et al. 1999). In this study, the pH gradient was evident in the
0.01 mM Spd group and was consistent with the literature.
However, after 0.5 mM Spd treatment, the gradient started
to deteriorate. Aloisi et al. (2017) found that pollen tube
lengths decreased after 100 uM Spm treatment, and this
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decrease was accompanied by the change in the intracellular
pH gradient in the pollen tube apex. It has also been shown
that Spd applications at different concentrations cause pH
changes in the pollen tubes of Camellia sinensis (Cetinbas-
Geng et al. 2020a). In this study, it was determined that intra-
cellular pH increased in the tube apex in all groups except
0.01 mM Spd. The increase in actin anisotropy levels in the
shank after all treatment groups and the minimum increase
after 0.01 mM Spd treatment suggested that these findings
were related to pH change. However, when the findings were
compared with the results of actin filament anisotropy in
the apex, no correlation was found between pH changes and
actin anisotropy levels. However, considering that ADFs and
AlPs are generally located in the actin fringe and take a
more active role in the polymerization of long parallel actin
bundles in the shank, it was thought that pH changes affect
the organization of actin filaments in the shank rather than
the apex (LovyWheeler et al. 2005). Besides, the highest pH
concentration was observed in the 0.5 mM group throughout
the tube, and it was thought that the increased acidity in the
tube prevented the interaction of ADFs and AIPs with actin
filaments, and inhibited the elongation of pollen tubes by
preventing vesicle transport. Similarly, researchers stated
that ADFs and AIPs can stop pollen tube growth by caus-
ing destabilization of actin filaments as a result of sharp
changes in pH gradient (Lovy-Wheeler et al. 2005; Hepler
et al. 2013).

Researchers have reported that there is a ROS gradient
in the tube and the excessive ROS concentration in the apex
of the tube decreases towards the shank (Wu et al. 2010).
The intracellular ROS gradient observed in all groups in this
study was consistent with the literature. Researchers have
stated that ROS, especially localized in the tube apex, play a
role in the organization of actin filaments by modulating the
Ca*? gradient in the tube apex (Wu et al. 2010). In this study,
the changes observed in the accumulation of ROS in the tube
apex after 0.01 mM Spd treatment were not reflected in the
Ca™? levels in the tube apex. However, the sharp increase
in actin filament dynamism in this group, especially in the
tube apex, suggested that ROS could affect actin cytoskel-
eton organization not only indirectly by modulating the Ca™>
gradient, but also directly, and could increase tube lengths.
On the other hand, after 0.5 mM Spd treatment, ROS accu-
mulation and Ca*? concentration increased, and actin dyna-
mism decreased. The decrease in tube length in this group
is consistent with the literature stating that ROS may affect
actin organization via Ca*? and have a role on tube length
(Potocky et al. 2012; Kaya et al. 2014). Also, similar to these
findings, Benkd et al. (2020) stated that 10 pM Spd appli-
cation in Nicotiana tabacum increased pollen tube lengths
and decreased ROS levels in pollen tubes. In addition, it has
been reported that pollen tube lengths decreased and ROS
levels increased in Arabidopsis thaliana after 1| mM Spd
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treatment (Wu et al. 2010). Comparably, it was determined
that the pollen tube lengths of Camellia sinensis increased
after 0.05 mM Spd treatment and this was accompanied by
an increase in ROS accumulation in the tubes (Cetinbas-
Geng et al. 2020a).

Persia et al. (2008) have reported that they detected SUS
signal in the apex of the normally elongating pollen tubes
and near the wall of the shank of Nicotiana tabacum, but
the signal was quite weak in the cytoplasm. In this study, it
was determined that the SUS signal was intense in the tube
apex and in the peripheral regions of the shank, but weak in
the cytoplasm. Persia et al. (2008) reported that the intense
SUS signal in the tube apex disappeared in the pollen tubes
of Nicotiana tabacum, whose elongation was blocked by
the application of brefeldin A. Parrotta et al. (2016) stated
that the SUS signal was intense in the tube apex in elon-
gating pollen tubes of Nicotiana tabacum, but the signal
decreased towards the shank. In their study, the research-
ers have proclaimed that the SUS signal was preserved in
the apical region in pollen tubes with reduced elongation
and growth oscillations as a result of heat stress, but they
saw irregular intense SUS signals in the cytoplasm in the
shank. They associated this with changes in actin cytoskel-
eton organization as a result of heat stress. It was stated that
the SUS signal in the pollen tubes of Nicotiana tabacum,
whose growth was decreased down due to germination in a
glycerol-based medium, increased in the shank by dispersing
as dots in the cytoplasm. Researchers have associated these
changes in SUS signal with glycerol-based distortions in
pH and ROS gradients (Parrotta et al. 2018). Differences in
sucrose synthase enzyme localization seen in pollen tubes
of Camellia sinensis, whose growth has decreased due to
exposure to high concentrations of Put, have also been asso-
ciated with disruptions in actin cytoskeleton organization
(Cetinbas-Geng 2020a). In this study, it was thought that as
a result of 0.5 mM Spd treatment, changes in intracellular
Ca™?, pH, and ROS gradients, as well as changes in actin
anisotropy observed in both apex and shank, inhibited the
elongation of pollen tubes by affecting the sucrose synthase
enzyme localization in the tubes.

Parrotta et al. (2016) have stated that changes in actin
cytoskeleton organization and sucrose synthase enzyme
localization in pollen tubes may directly affect the structure
of the pollen tube wall. In pollen grains of Pyrus communis
exposed to 100 uM Spm, it has been reported that dense
callose accumulation is observed in the tube apex, cellulose
accumulation clusters are formed in the shank, and the pec-
tin accumulation density in the wall changes (Aloisi et al.
2017). In their study, the researchers suggested that the intra-
cellular pH gradient, which was disrupted as a result of the
treatment of 100 uM Spm, modified the actin cytoskeleton
and that this modification changed the transport of newly
synthesized wall materials to the tube apex. Similarly, it has

been reported that the changed actin skeletal organization in
pollen tubes of Camellia sinensis were exposed to high con-
centrations of Put affects the localization of sucrose synthase
enzyme and changes the tube distribution wall components
(Cetinbas-Geng 2020a). In this study, callose accumulation
increased in the tubes after 0.5 mM Spd treatment. After
the treatment of Spd at different concentrations, no acute
change was observed in the pectin distribution in the tube
wall. When all groups were evaluated, it was determined that
actin filaments lost their dynamics in both apex and shank
after only 0.5 mM Spd treatment. When the sucrose synthase
enzyme localization results of this group were examined, it
was determined that the SUS signal increased in the tube
apex. When all these results were evaluated together, it was
thought that 0.5 mM Spd caused an increase in the SUS
signal in the tube apex by changing the actin organization
both in the apex and shank, and the change in the sucrose
synthase enzyme localization triggered the accumulation
of callose in the tube apex. Similarly, it has been reported
that changes in actin cytoskeleton organization due to heat
stress in Nicotiana tabacum affect the distribution of sucrose
synthase enzyme in the tubes and modify the distribution
of tube wall components (Parrotta et al. 2016). Researchers
have reported that disruptions in pH and ROS gradients in
pollen tubes grown in glycerol-based medium of Nicotiana
tabacum change the actin cytoskeleton organization, modify
the localization of sucrose synthase enzyme in the tube, and
affect the distribution of tube wall components in the tubes
(Parrotta et al. 2018). Similarly, in this study, it was thought
that the deteriorated intracellular Ca2*, pH and ROS gradi-
ents after 0.5 mM Spd treatment changed actin cytoskeleton
organization, sucrose synthase enzyme localization and wall
structure, respectively. 0.1

Researchers have affirmed that the transport velocity of
generative nuclei to the tube apex had not changed in the
pollen tubes of Nicotiana tabacum whose growth decreased
due to the heat stress (Parrotta et al. 2016). However, it has
been reported that the transport velocity of generative nuclei
to the apex of the tube decreases in the pollen tubes of Nico-
tiana tabacum, whose growth is reduced due to germina-
tion in a glycerol-based medium (Parrotta et al. 2018). In
this study, the transport velocity of generative nuclei to the
tube apex decreased only after treatment of 0.5 mM Spd.
Researchers stated that microtubules play a role in the trans-
port of generative and vegetative nuclei to the apex (Laiti-
ainen et al. 2002). In light of this information, although it
was thought that 0.5 mM Spd treatment might have changed
the microtubule organization in pollen tubes, there is no
direct evidence in this study. However, it is known that the
transport of generative and vegetative nuclei to the pollen
tube apex is coordinated by the synergistic relationship of
microtubules with actin filaments (Poulter et al. 2008). In
this study, actin filaments in both apex and shank regions
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were affected by 0.5 mM Spd treatment, suggesting that
these concentrations may have affected microtubule organi-
zation in the tubes either directly or indirectly through actin
filaments. It has been reported that chromatin degradation
in the generative nuclei is evident in pollen tubes of Pyrus
communis treated with 100 uM Spm (Aloisi et al. 2015).
In pollen tubes of Camellia sinensis exposed to high con-
centrations of Put, chromatin degradation was also detected
in the generative nuclei (Cetinbas-Geng 2020a). However,
no damage was detected in the generative nuclei after Spd
treatment in this study.

Conclusion

After the treatment of 0.01 mM Spd, 8 time periods with
maximum elongation velocity, a sharp increase in tube
elongation oscillations and an increase in actin filament
dynamism in the apex were detected. The fact that there
was no change in the intracellular Ca>* and pH gradient in
this group compared to the control, but sharp changes in the
intracellular ROS gradient have revealed that the ROS accu-
mulation seen in the tube apex after 0.01 mM Spd treatment
increased the actin filament dynamism. It was interpreted
that the increased actin dynamism caused a decrease in the
amount of cellulose in the tube apex by coordinating the
sucrose synthase enzyme localization, allowing the tubes
to elongate faster. After 0.5 mM Spd treatment, 8 time peri-
ods with minimum elongation velocity and a sharp decrease
in tube elongation oscillations were detected. It was deter-
mined that 0.5 mM Spd caused changes in intracellular Ca*?,
pH and ROS gradients in pollen tubes, and these changes
reduced the dynamism of actin filaments in the apex and
shank. It has been interpreted that the decreased actin dyna-
mism inhibits the transport of newly synthesized wall mate-
rials to the tube apex and prevents the elongation of pollen
tubes. In addition, it was determined that decreased actin
dynamism affected the localization of the sucrose synthase
enzyme, which converts sucrose to UDP-glucose, which is
the precursor of cellulose and callose in the tube wall, and
this effect was reflected in the tube wall as callose accumula-
tion abnormalities. It has also been shown that 0.5 mM Spd
inhibits the transport of the generative nucleus to the tube
apex, but does not cause any damage to the nucleus. Results
show how exogenic Spd treatment impinges the processes
and molecules involved in pollen tube elongation in the most
prominent examples. Obtained findings would contribute to
the explanation of the cellular activity mechanism of Spd in
both pollen tubes and other structures extending from the tip.
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