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Abstract
The purpose of the main research was to investigate the effects of methyl jasmonate (MeJA) (0.05, 0.25, 0.5, and 2.5 mM) on the
pollen germination and tube elongation of Pinus nigra. Total pollen germination rate increased after MeJA treatments while the
most enhancement was observed at 0.05-mMMeJA. No germination was observed at 2.5-mMMeJA. Although the unipolar and
bipolar germination were observed in all groups, no significant changes were observed in unipolar and bipolar pollen germination
rates after MeJA treatments. Tube length increased only at 0.05-mM MeJA. Although branched tubes were observed in all
groups, branched tube rate increased only at 0.05-mMMeJA. Although two branched, three branched, and consecutive branched
tubes were observed in all groups, the most common branching type was two branched type in all groups. Although anisotropy of
actin filaments in the shank and apex of unbranched tubes decreased after MeJA treatments, the most decrease was observed at
0.05-mMMeJA. Also, anisotropy of actin filaments in the shank and in pre-branching region of branched tubes decreased only at
0.25-mM MeJA. Anisotropy of both two apexes of a branched tube changed only at 0.25- and 0.5-mM MeJA. Callose accu-
mulation in the apex of unbranched and branched tubes increased in parallel with the increase in MeJA concentration. However,
more callose is accumulated in one apex than the other apex of a branched tube. In conclusion, MeJA affected the actin
organization, changed the callose distribution, and altered the pollen tube growth of Pinus nigra.
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Introduction

Pollen tubes are one of the most important structures of the
sexual reproduction process due to their crucial role in the
transport of sperm nuclei to the egg cell, in both angiosperms
and gymnosperms (Chen et al. 2006). However, most of the
studies on pollen tubes have focused on angiosperms; more
data is needed on gymnosperm pollen tube physiology
(Breygina et al. 2019). Pollen tubes of angiosperm and gym-
nosperm seem structurally similar; however, there are various
differences between them such as tube growth speed, number

of elongated tubes, and cell wall properties of tubes (Lora et al.
2016; Breygina et al. 2019). Pollen grains of gymnosperm
germinate more slowly than pollen grains of angiosperm,
and tube elongation also occurs more slowly (Fernando et al.
2005). In angiosperms, multipolar pollen germination is rare
although it is a widespread phenomenon in gymnosperms
(Breygina et al. 2019). Researchers have assumed that bipolar
germination helps gymnosperm pollen at an earlier stage to
obtain nutrients (Lora et al. 2016; Breygina et al. 2019).
Moreover, in the case of regular pollen germination of angio-
sperm, generally, only one regular unbranched tube extends
from the pollen grain. However, gymnosperm pollen tubes
tend to form branch (Lora et al. 2016). Researchers have as-
sumed that branching helps pollen at an earlier stage to obtain
nutrients in the same way as bipolar germination (Lora et al.
2016; Breygina et al. 2019).

Tube growth in angiosperms is highly dependent on the
actin cytoskeleton that transports the vesicles containing cell
wall pioneer to the apex (Lovy-Wheeler et al. 2005; Zhang
et al. 2019). Inhibition of tube elongation by actin disruption
in gymnosperms such as Picea abies (Anderhag et al. 2000)
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and Picea wilsonii (Sheng et al. 2012) has shown that the actin
cytoskeleton is also required for growth in gymnosperm pol-
len tubes. On the other hand, researchers have indicated that
cytoskeleton pattern differs between the angiosperms and
gymnosperms (Chen et al. 2006). In angiosperms, the tube
apex and sub-apex region are characterized by short actin
filaments while actin filaments form parallel actin bundles in
the shank region (Qu et al. 2015; Zhang et al. 2019). Similarly,
researchers have indicated that actin filaments in gymno-
sperms were located along the tube in a net axial array while
they are distributed as short arrays in the elongating tip.
However, there is no mention of the presence of the sub-
apex region in gymnosperms. Therefore, the structure of the
actin cytoskeleton in gymnosperms is a subject that needs
more explanation.

Cell wall structure is one of the main distinctions between
the angiosperm and gymnosperm pollen tubes. The pollen
tube wall of angiosperms has an outer layer containing cellu-
lose and pectin and has an inner wall containing callose (Cai
et al. 2011). Although the gymnosperm pollen tube also con-
tains cellulose, pectin, and callose, there is no inner and outer
membrane separation (Fernando et al. 2005). In angiosperms,
callose is located throughout the pollen tubes, except the apex
(Cai et al. 2011). Actually, the apex localized callose is con-
sidered an abnormality for angiosperm pollen tubes, because
the callose is located in the tips of abnormal or growth-
inhibited angiosperm pollen tubes (Hao et al. 2013;
Çetinbaş-Genç 2020). However, Derksen et al. (1999) and
Fernando et al. (2005) have indicated that the callose is located
in the apex of a regular gymnosperm pollen tube.

Researchers have reported that plant hormone and plant
signaling molecule regulate actin organization and cell wall
structure (Cao et al. 2010; Lombardo and Lamattina 2018; Li
et al. 2018a; b). The researchers have been stated that various
plant growth regulators affect some properties of pollen tubes
such as cytoskeleton organization or cell wall properties and
change the growth dynamics of the tubes (Aloisi et al. 2016;
Çetinbaş-Genç 2019). One of these plant growth regulators is
jasmonates (Jas). JAs are important plant hormones which
derived from linolenic acid in the chloroplast (Fugate et al.
2018). They include jasmonic acid (JA) and its methyl ester
named methyl jasmonate (MeJA). MeJA is the most known
and studied member of JAs and researchers have indicated
that MeJA regulates the signaling networks in plant growth
and stress responses (Li et al. 2018a, b). Similar to other hor-
mones, MeJA take place in various processes such as seed
germination, root elongation, embryogenesis, senescence,
and cellular communication (Gumerova et al. 2015; Li et al.
2018a, b). Researchers have stated that the effects of MeJA on
plant growth are versatile such as promoting, preventing, and
protecting. It has been stated that the effect of JAs treatment on
plants may vary depending on the plant species, type, and
application dose of JAs (Ozturk et al. 2015). Contrary to many

hormones, the effect of JAs on pollen performance has been
little studied. It has been noticed that JA inhibited the pollen
germination in strawberry (Yildiz and Yilmaz 2002).
However, researchers have shown that MeJA affected pollen
germination in a dose-dependent manner and it has been re-
ported that 0.1- and 0.25-mMMeJA promoted while 0.5- and
1-mM MeJA inhibited the pollen germination in apricot
(Muradoğlu et al. 2010). Researchers have determined that
the tube length decreased as the concentration increases in
Bebeco genotypes of apricot. Also, they have determined that
0.1- and 0.25-mM MeJA promoted while 0.5- and 1-mM
MeJA inhibited the pollen tube length in Kabaasi genotypes
of apricot (Muradoğlu et al. 2010). As understood, the effects
of JA have been studied only in angiosperm pollen tubes as in
many other plant growth regulators but it is not clear how or
with which mechanismMeJA affects pollen tubes. Moreover,
their effects on gymnosperm pollen tubes have not been stud-
ied before.

The main goal of this study is to investigate the effect of
MeJA on pollen germination and tube growth and to find out
the effect of MeJA on actin cytoskeleton and callose distribu-
tion in pollen tubes of Pinus nigra. The results will also pro-
vide a detailed information about growth mechanism of gym-
nosperm pollen tubes and also present a detailed comparison
of angiosperm and gymnosperm pollen tubes.

Material and methods

Plant material

Mature male cones of P. nigra were collected from Marmara
University Campus garden in May of 2019. In pollen shed-
ding, the cones are kept at room temperature for 2 days and
pollen grains were collected.

In vitro pollen germination and tube growth

Pollen grains were germinated at room temperature for 24 h.
Liquid germination medium containing 12% sucrose, 1-mM
H3BO3, and 1-mM CaCl2 was used for germination assays
(Lazzaro 1999; Maksimov et al. 2018; Breygina et al. 2019).
The MeJA-free medium was used for the control group, and
0.05-, 0.25-, 0.5- or 2.5-mM MeJA (Sigma-Aldrich) were
added to the medium for the treatment groups. To analyze
the germination rates, just about 1500 pollen grains were in-
vestigated for each group. The total germination rate was cal-
culated regardless of whether it was unipolar or bipolar. Also,
unipolar pollen germination was considered when pollen
grains have only one tube and bipolar germination was con-
sidered when pollen grains have two tubes longer than the
diameter of the grain. The total pollen tube lengths were mea-
sured considering randomly selected 150 pollen tubes for each
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group. However, we found that most of the pollen grains were
bipolar germinated and most of the pollen tubes were
branched in all groups. So, when calculating the total pollen
tube lengths, we measured the length from the tip of the lon-
gest branch to the pollen grain in branched pollen tubes. Also,
when calculating the total pollen tube lengths, we measured
the longest tube of a bipolar germinated pollen grains.
Moreover, to make a clear comparison, wemeasured separate-
ly the pollen tube lengths of unipolar and bipolar germinated
pollen tubes considering randomly selected 150 tubes for each
group. The pollen tube lengths of bipolar germinated pollen
grains were measured taking into account the longest tube of a
bipolar germinated pollen grains. Branched tube rate, percent-
ages of two branched, three branched and consecutive
branched tubes were calculated. Since the most common
branched tube morphology is two branched, to make a clear
comparison, we measured separately the pollen tube lengths
of unbranched and two branched pollen tubes considering
randomly selected 150 tubes for each group. We measured
the length from the tip of the longest branch to the pollen grain
in branched pollen tubes. The Olympus BX-51 light micro-
scope equipped with the KAMERAM software was used for
the observations.

Labelling of actin filaments

Actin labelling was performed according to the Lovy-Wheeler
method (Lovy-Wheeler et al. 2005). After 30 min of fixation
with buffer (pH 6.9) containing 100-mM PIPES, 5-mM
MgSO4, 0.5-mM CaCl2, 0.05% (v/v) Triton X-100, 1.5%
(m/v) formaldehyde, and 0.05% (m/v) glutaraldehyde, pollen
tubes were rinsed with the same buffer containing 10-mM
EGTA and 6.6-μM Alexa 488-phalloidin (Thermo Fisher
Scientific). Pollen tubes were monitored at 488-nm wave-
lengths with an Olympus BX-51 fluorescence microscope
equipped with the KAMERAM software. To avoid focusing
on problems, a single focal plane was used during the obser-
vations, and, to measure the anisotropy of actin filaments, 20
tubes with equal length were selected for all groups. Actin
filament anisotropy was measured in unbranched and
branched tubes using the “Fibril Tool” plugin of ImageJ.
Anisotropy in the shank of the unbranched tube was measured
in the area after the 0–40 μm from the pollen grain, and an-
isotropy in the apex of unbranched tube was measured in the
area before the 0–10 μm from the tube tip. Anisotropy in the
shank of the branched tube was measured in the area after the
0–40 μm from the pollen grain. Anisotropy in the pre-
branching region was measured in the area before the 0–
10 μm from the branch separation. Also, anisotropy in
the apexes of branched tube was measured in the area
before the 0–10 μm from the tube tips. The 1st branch
is determined as the short branch and the 2nd branch is
determined as the long branch.

Labelling of callose

Callose labelling was performed according to Chen et al.
(2007). Pollen tubes were labelled with 0.1% Aniline Blue
(Sigma-Aldrich) and visualized at 455-nm wavelengths with
an Olympus BX-51 fluorescence microscope equipped with
the KAMERAM software. To detect the callose accumula-
tions in the apex of unbranched and apexes of branched tubes,
fluorescence intensities were calculated in a 100-μm2 area of
the tip with the “Rectangle Selection” option of ImageJ. In
branched tubes, the 1st branch is determined as the short
branch and the 2nd branch is determined as the long branch.
We focused on this area corresponding to the growth zone
where most of the secretory vesicles fuse; this allowed us to
obtain information on the production of callose in the area of
highest vesicular secretion. Signals have been reset against the
background noise. Fluorescence intensity analysis was per-
formed on 20 pollen tubes with equivalent length for each
group.

Analyzing of data

Three technical replicates were conducted for each experiment
in each group. Statistical analyses were carried out with the
SPSS 16.0 software. Significance of the difference between
groups of data was specified by the one-way analysis of var-
iance (ANOVA) with a threshold P value of 0.05. Distinct
letters in graphs indicate the statistically significant differ-
ences and error bars point out the standard deviations.

Results

The effect of MeJA on in vitro pollen germination and
tube growth

Firstly, pollen germination rates were calculated for the pur-
pose of examining the effects of MeJA on pollen germination.
Based on the results, the total pollen germination rate signif-
icantly increased by 45.48% at 0.05-mMMeJA and 32.18% at
0.25-mMMeJAwhen comparedwith the control (Fig. 1a). No
germination was observed after the 2.5-mM MeJA treatment
and so it was not included on the graphics in the continuation
of the study (Fig. 1i). Besides, since bipolar germination is a
very common condition in gymnosperms, the unipolar and
bipolar germination rates were calculated to examine whether
the MeJA affects unipolar or bipolar germination. Unipolar
pollen germination was considered when pollen grains have
only one tube and bipolar germination was considered when
pollen grains have two tubes (Fig. 1d). Unipolar germination
rate was recorded as 26.19% and bipolar germination rate was
recorded as 25.41% in the control. After MeJA treatments, no
statistically significant changes were observed in unipolar and
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bipolar pollen germination rates when compared with the con-
trol (Fig. 1b, c). However, unipolar and bipolar germinated
pollen grains were observed in all groups (Fig. 1e, f, g, h).

After observing the germination rates, we calculated the
total pollen tube lengths for the purpose of examining the
effects of MeJA on pollen tube elongation. However, we
found that most of the pollen grains were bipolar germinated
and most of the pollen tubes were branched in all groups
including the control. So, when calculating total pollen tube
lengths, we measured the length from the tip of the longest
branch to the pollen grain in branched pollen tubes. Also,
when calculating the total pollen tube lengths, we measured
the longest tube of bipolar germinated pollen grains. The pol-
len tube length significantly increased by 9.39% at 0.05-mM
MeJA, significantly decreased by 12.36% at 0.25-mMMeJA,
and significantly decreased by 18.70% at 0.5-mM MeJA
when compared with the control (Fig. 2a). Afterwards, to
make a clear comparison, we measured separately the pollen
tube lengths of unipolar and bipolar germinated pollen tubes.
The pollen tube lengths of bipolar germinated pollen grains
were measured taking into account the longest tube of a bipo-
lar germinated pollen grains. The pollen tube length of unipo-
lar germinated pollen grains significantly increased by
24.51% at 0.05-mM MeJA and significantly decreased by
16.88% at 0.5-mM MeJA when compared with the control
(Fig. 2b). The pollen tube length of bipolar germinated pollen
grains significantly increased by 16.35% at 0.05-mM MeJA

and by 14.08% at 0.25-mM MeJA when compared with the
control (Fig. 2c).

To determine whether MeJA-induced changes in tube
lengths were related to branch formation and to find out the
effect of MeJA on branch formation, the branched tube rate
was calculated. The branched tube rate significantly increased
by 26.41% at 0.05-mM MeJA and significantly decreased by
42.87% at 0.5-mMMeJA in comparison with the control (Fig.
2d). Unbranched tubes (Fig. 2h) and branched tubes were
observed in all groups. Two branched (Fig. 2i), three branched
(Fig. 2j), and consecutive branched tubes (Fig. 2k, l, m) were
the, respectively, most common branched tube morphologies.

To investigate whether there is a relation between the
MeJA application and different branched tube morphologies,
the percentages of two branched, three branched, and consec-
utive branched tubes were calculated. The rate of two
branched pollen tubes significantly increased by 60.93% at
0.05-mM MeJA, significantly decreased by 31.91% at 0.25-
mMMeJA, and significantly decreased by 44.35% at 0.5-mM
MeJA in comparison with the control (Fig. 2e). However,
there was no significant change in the rates of three branched
and consecutive branched pollen tubes after MeJA treatments
when compared with the control (Fig. 2f, g).Since the most
common branched tube morphology is two branched, to make
a clear comparison, we measured separately the pollen tube
lengths of unbranched and two branched pollen tubes. We
measured the length from the tip of the longest branch to the

Fig. 1 Effects of MeJA on pollen germination. a Total pollen
germination rate. b Unipolar pollen germination rate. c Bipolar pollen
germination rate. d Unipolar (white asterisk) and bipolar (red asterisk)
germinated pollen grains. eGerminated pollen grains in the control group.
f Germinated pollen grains at 0.05-mM MeJA. g Germinated pollen
grains at 0.25-mM MeJA. h Germinated pollen grains at 0.5-mM
MeJA. i Ungerminated pollen grains at 2.5-mM MeJA. White asterisk

refers to unipolar germinated pollen grains and red asterisk refers to
bipolar germinated pollen grains. Distinct letters in graphs indicate
significant differences (P < 0.05) and error bars indicate the standard
deviations. To analyze the germination rates, just about 1500 pollen
grains were investigated for each group. Three technical replicates were
conducted for each experiment in each group. Bar, 50 μm
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pollen grain in branched pollen tubes. The unbranched pollen
tube length significantly increased by 21.92% at 0.05-mM
MeJA and significantly decreased by 6.71% at 0.25-mM
MeJA and 20.28% 0.5-mM MeJA (Fig. 2n). However, there
was no significant difference in branched pollen tube length
after MeJA treatments (Fig. 2o).

The effect of MeJA on actin filament organization

Actin filament distribution was observed to investigate the
relationship of actin filament distribution with MeJA-
induced changes in tube length. Firstly, we investigated the
actin filament distribution in unbranched pollen tubes. In the
control, actin filaments were observed as parallel bundles in
the shank while they were observed as a dense array of short
filaments in the apex (Fig. 3a). After MeJA treatments, actin
filament distribution did not show a remarkable difference in
the shank and apex when compared with the control (Fig. 3b,
c, d). However, to find out the subtler differences of actin
filament distribution in both the shank and apex, a software-
based anisotropy analysis was performed. Anisotropy in the
shank significantly decreased by 36.36% at 0.05-mM MeJA,
13.63% at 0.25-mM MeJA, and 22.72% at 0.5-mM MeJA
when compared with the control (Fig. 3i) Also, anisotropy in
the apex significantly decreased by 40% at 0.05-mM MeJA
and 36% at 0.5-mM MeJA in comparison with the control
(Fig. 3j).

To examine the relationship of actin filament distribution
with MeJA-induced changes in branched tube rates, actin fil-
ament distribution was observed in branched tubes. Since the

most common branched tubemorphology is two branched, we
made our examinations on two branched tubes. Actin fila-
ments were distributed as long fibrils in both the main shank
and branches in all groups (Fig. 3e, f, g, h). However, one of
the branches had a denser filament at 0.25-mMMeJA and 0.5-
mM MeJA (Fig. 3g, h). Also, it was observed that fibrils
formed bundles before branch separation in all groups (Fig.
3e, f, g, h). However, to find out the subtler differences of actin
filament distribution in both the shank and pre-branching re-
gion, the anisotropy values were measured. According to the
results, anisotropy in the shank significantly decreased by
50% at 0.25-mM MeJA and significantly increased by
42.30% at 0.5-mM MeJA compared with the control (Fig.
3k). Also, the anisotropy level in the pre-branching region
significantly decreased by 42.30% at 0.25-mM MeJA and
significantly increased by 53.84% at 0.5-mMMeJA compared
with the control (Fig. 3l).

In both two apexes of a branched tube, actin filaments were
observed as a dense array of short filaments in all groups (Fig.
3e, f, g, h). The software-based anisotropy analysis was per-
formed to observe both the difference between the groups and
the difference between the branches of the same group.
According to the results, significant changes in the anisotropy
of the apex were observed only at 0.25-mM MeJA and 0.5-
mM MeJA groups in comparison with the control (Fig. 3m).
The anisotropy measured in both apexes of a branched tube
was not statistically different from each other at the control
and 0.05-mM MeJA groups. However, the anisotropy mea-
sured in both apexes of a branched tube was statistically dif-
ferent from each other at 0.25-mM MeJA and 0.5-mMMeJA

Fig. 2 Effects of MeJA on pollen tube length and branch formation. a
Pollen tube length. b Branched tube rate. c Unbranched pollen tube. d
Two branched pollen tube. e Three branched pollen tube. f, g, h
Consecutive branched pollen tubes. i Two branched pollen tube rate. j
Three branched pollen tube rate. kConsecutive branched pollen tube rate.

Distinct letters in graphs indicate significant differences (P < 0.05) and
error bars indicate the standard deviations. Pollen tube lengths were
measured considering randomly selected 150 pollen tubes for each
group. Three technical replicates were conducted for each experiment in
each group. Bar, 50 μm

1659Effect of methyl jasmonate on in-vitro pollen germination and tube elongation of Pinus nigra



(Fig. 3m). The anisotropy in the apex was 3.25 times higher
than the other apex at 0.25-mM MeJA and 1.94 times higher
than the other apex at 0.5-mMMeJA, significantly (Fig. 3m).

The effect of MeJA on callose distribution

Callose distribution was examined to determine the relation
between callose accumulation and MeJA induction in pollen
tubes. Initially, we investigated the callose distribution in un-
branched pollen tubes. In the control, the callose is located in
the apex but not presented throughout the shank (Fig. 4a).
After MeJA treatments, similar callose pattern with the control
appeared in the tubes. However, it was found that the callose
accumulation in the apex increased with increasing MeJA
concentrations (Fig. 4b, c, d). To find out the clear difference
of callose accumulation, fluorescence intensity of the apex
localized callose was measured in 100-μm2 segments of the
apex. Fluorescence intensity significantly increased by
34.71% at 0.05-mM MeJA, 118.13% at 0.25-mM
MeJA and 131.34% at 0.5-mM MeJA in comparison
with the control (Fig. 4i).

To investigate the relation between callose distribu-
tion and MeJA induction in branched tube rates, callose
distribution was observed in branched tubes. Since the
most common branched tube morphology is two
branched, we made our examinations on two branched
tubes. In all groups, callose is located in both apexes of
a branched tube while one of the apexes of a branched
tube had a denser callose accumulation (Fig. 4e, f,
g, h). Fluorescence intensity of the apex localized
callose was calculated in 100-μm2 segments of the both
apexes of a branched tube to observe both the differ-
ence between the groups and the difference between
apexes of a branched tube. Fluorescence intensity sig-
nificantly increased in only one apex of 0.05-mM MeJA
while significantly increased in both apexes of a tube at
0.25- and 0.5-mM MeJA in comparison with the con-
trol. Fluorescence intensity in the apex was 1.49 times
higher than the other apex at 0.05-mM MeJA, 1.23
times higher than the other apex at 0.25-mM MeJA,
and 1.16 times higher than the other apex at 0.5-mM
MeJA, significantly (Fig. 4j).

Fig. 3 Effects of MeJA on actin filament organization. a Unbranched
pollen tube at control. b Unbranched pollen tube at 0.05-mM MeJA. c
Unbranched pollen tube at 0.25-mMMeJA. d Unbranched pollen tube at
0.5-mMMeJA. e Branched pollen tube at control. f Branched pollen tube
at 0.05-mM MeJA. g Branched pollen tube at 0.25-mM MeJA. h
Branched pollen tube at 0.5-mM MeJA. i Anisotropy in the shank of
unbranched tubes. j Anisotropy in the apex of unbranched tubes. k

Anisotropy in the shank of branched tubes. l Anisotropy in pre-
branching region. m Anisotropy in the apex of two branches. Distinct
letters in graphs indicate significant differences (P < 0.05) and error bars
indicate the standard deviations. Anisotropy analysis was performed on
20 pollen tubes with equivalent length for each group. Three technical
replicates were conducted for each experiment in each group. Bar, 20 μm
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Discussion

The effects of plant growth regulators on pollen germination
and pollen tube elongation have been frequently studied
(Aloisi et al. 2016; Çetinbaş-Genç 2019). JA and MeJA are
the plant growth regulators whose effects on pollen germina-
tion and tube elongation are the least studied. Also, pollen
grains of angiosperms were investigated in most of these stud-
ies (Yildiz and Yilmaz 2002; Muradoğlu et al. 2010).
Therefore, our study reveals important and original findings
about the effects of MeJA on gymnosperm pollen tubes.

Researchers have indicated that 0.5-mM JA inhibited the
pollen germination in strawberry (Yildiz and Yilmaz 2002).
Also, Muradoğlu et al. (2010) have reported that 0.1- and
0.25-mM MeJA promoted while 0.5- and 1-mM MeJA
inhibited the pollen germination in apricot. Similar with these
results, the 0.05- and 0.25-mM MeJA increased the total pol-
len germination while 0.5 mM had no significant effect ac-
cording to our results. Also, it was quite interesting that there
was no germination after the 2.5-mMMeJA treatment. When
evaluated the literature together with our findings, it was
thought that JA and MeJA have similar effects on both angio-
sperm and gymnosperm pollen tubes. Bipolar germination is
very common in gymnosperms, unlike most angiosperms
(Breygina et al. 2019). Bipolar germination has been reported
in some angiosperms such as Impatiens and Oenothera
(Derksen et al. 1995) and Conospermum endemic to
Australia (Stone et al. 2004). Researchers have stated that

bipolar germination is a typical feature in gymnosperms, es-
pecially in the Pinaceae family. For instance, bipolar pollen
germination has been reported inPinus sylvestris (deWin et al.
1996) and Picea pungens (Breygina et al. 2019). According to
our results, bipolar germination was a very common phenom-
enon and observed in all groups, including control. Although
the MeJA affected the total germination rate in a dose-
dependent manner, there were no significant effects on unipo-
lar or bipolar germination rates.

It is known that most plant growth regulators affect tube
elongation depending on the dose (Aloisi et al. 2016,
Çetinbaş-Genç 2019). It has been reported that 0.1- and
0.25-mM MeJA promoted while 0.5- and 1-mM MeJA
inhibited the pollen tube length in apricot (Muradoğlu et al.
2010). Similar with this finding, we detected that tube length
increased at 0.05-mMMeJAwhile decreased at 0.25- and 0.5-
mM MeJA. During our examinations, most of the tubes were
found to be branched in all groups including the control. The
researchers stated that gymnosperm pollen tubes tend to form
branch (Lora et al. 2016) and that this trend may be concerned
with the slow elongation of gymnosperm tubes (Mogami et al.
1999; Hao et al. 2005; Owens et al. 2005). Many researchers
have stated that branching in pollen tubes of both angiosperm
and gymnosperm may be related to pollen tubes functioning
as haustorium (Johri 1992). It has been known that the tip of
the pollen tubes is branched in some angiosperms such as
Cucurbita and Onagraceae (Tilquin et al. 1983). Branching
in angiosperm pollen tubes usually means that the growth is

Fig. 4 Effects of MeJA on callose accumulation a Unbranched pollen
tube at control. b Unbranched pollen tube at 0.05-mM MeJA. c
Unbranched pollen tube at 0.25-mM MeJA. d Unbranched pollen tube
at 0.5-mM MeJA. e Branched pollen tube at control. f Branched pollen
tube at 0.05-mM MeJA. g Branched pollen tube at 0.25-mM MeJA. h
Branched pollen tube at 0.5-mM MeJA. i Fluorescence intensity of

callose in the apex of unbranched tubes. j Fluorescence intensity of
callose in the apexes of branched tubes. Distinct letters in graphs
indicate significant differences (P < 0.05) and error bars indicate the
standard deviations. Fluorescence intensity analysis was performed on
20 pollen tubes with equivalent length for each group. Three technical
replicates were conducted for each experiment in each group. Bar, 20 μm
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inhibited. For instance, branch formation blocked the pollen
tube elongation in Trifolium pretense (Büyükkartal 2002). In
addition, Cheung et al. (2003) have noticed the pollen tube
elongation blocked after branch formation. Moreover, it has
been known that branching usually occurs as a result of stress
in angiosperms. For instance, pollen tubes of Echinopsis
chamaecereus have branched after high-temperature treat-
ments (Çetinbaş-Genç 2020). According to our results,
branched tube rate increased at 0.05-mM MeJA while de-
creased at 0.5-mM MeJA. However, the 0.25-mM MeJA
had no effect on branch formation. Two branched tubes were
very common in all groups including the control. Two
branched tube rates increased at 0.05-mM MeJA while de-
creased at 0.25- and 0.5-mMMeJA. Also, the three branched
or consecutive branched tubes were observed in all groups
including the control. But MeJA concentrations had no effect
on the three branched or consecutive branched tube rates.
Similar with this, deWin et al. (1996) have reported the two
branched, three branched, and consecutive branched tubes in
Pinus sylvestris and have stated that the most common
branching type was two branched formation.

Proper construction of actin cytoskeleton is essential for
pollen tube elongation in both angiosperms and gymnosperms
(Qu et al. 2015) because actin filaments carry newly synthe-
sized cell wall materials to the tube tip, allowing the tube to
extend properly (Cai et al. 2011). In angiosperms, pollen tube
is classified into three zones. Actin filaments exist as short and
dynamic arrays in the apex zone while as long parallel arrays
in the shank. The sub-apex zone is located before the apex
zone and actin filaments form a fringe structure in this zone
(Cai et al. 2015). In studies performed in gymnosperm pollen
tubes, there is no mention of the presence of a fringe-like actin
organization and a sub-apex region. Researchers have indicat-
ed that actin filaments were located along the pollen tube in a
net axial array while they distributed as short arrays in the
elongating tip in gymnosperms such as Pinus densiflora
(Terasaka and Niitsu 1994), Pinus sylvestris (deWin et al.
1996), Picea mayeri (Chen et al. 2007), Pinus thunbergii (Li
et al. 2008), Pinus bungeana (Wang et al. 2009), and Picea
wilsonii (Sheng et al. 2012). The terms shank and apex were
also not used in these studies. However, as a result of both the
literature and our findings, we detected that the actin organi-
zation in the main tube body and the tip were similar in both
angiosperms and gymnosperms. Therefore, we divided the
pollen tubes into two regions as the shank and apex in order
to examine the actin filament organizations more clearly. So,
we used the shank and apex terms in this study. According to
our results, actin filaments of unbranched tubes were observed
as parallel bundles in the shank while they were observed as a
dense array of short filaments in the apex in the control groups
in parallel with previous studies conducted on Pinus
densiflora (Terasaka and Niitsu 1994), Pinus sylvestris
(deWin et al. 1996), Picea mayeri (Chen et al. 2007), Pinus

thunbergii (Li et al. 2008), Pinus bungeana (Wang et al.
2009), and Picea wilsonii (Sheng et al. 2012). To investigate
the detailed changes in actin filament organization after MeJA
treatment, the anisotropy values in the shank and apex were
measured. the anisotropy value is a count between 0 and 1
(Boudaoud et al. 2014). And decreasing of anisotropy refers to
the increase in proper actin organization (Parrotta et al. 2016).
So, less anisotropy means more proper actin organization;
more proper actin organization refers to the proper transfer
of organelles and vesicles at the apex and leads to higher
germination rate and longer pollen tubes. Actin filament an-
isotropy in the shank decreased after 0.05-, 0.25-, and 0.5-mM
MeJA treatment. Also, the anisotropy in the apex decreased
after 0.05- and 0.5-mM MeJA treatment. The fact that actin
filaments at 0.05-mM MeJA have the less anisotropy in both
the apex and shank explained the high germination rate and
high tube length at 0.05-mM MeJA.

To investigate the relation between actin filament distribu-
tion and MeJA induction in branched tube rates, the actin
filament distribution was also observed in branched tubes.
After the 0.05-mM MeJA treatment, there was no change in
the anisotropy of the shank, apex, and pre-branching region.
Also, there was no difference between the levels of two apexes
of a tube. It was observed that the anisotropy of actin filaments
decreased in the shank and pre-branching region after the
0.25-mM MeJA treatment, while it was observed that the an-
isotropy increased in the shank and apex after the 0.5-mM
MeJA treatment. After the 0.25- and 0.5-mMMeJA treatment,
anisotropy showed a remarkable difference between the apex-
es of a tube. It was observed that anisotropy increased in one
apex and decreased in the other apex of a tube. Also, one of
the branches had a denser actin filament at 0.25- and 0.5-mM
MeJA. It was thought that this difference may be related to the
low branching rate at 0.25- and 0.5-mM MeJA and branch
formation might have been prevented as a result of the
increased anisotropy of actin filament in one apex of a tube.
deWin et al. (1996) have stated that actin filaments were ev-
ident at both apexes of a tube in Pinus sylvestris. Anderhag
et al. (2000) have reported that actin filament disruption has
led to the formation of numerous short branches in Picea
abies. Also, Fernando et al. (2005) have indicated that actin
filament disruption-induced branch formation is unique to
gymnosperm pollen tubes due to the branching which is not
a widespread response to microfilament degradation in angio-
sperms. The researchers mentioned that branching may be
related to the fact that pollen tubes play the role of haustoria
in gymnosperms. The authors discussing the evolution of pol-
len tube growth assume the “haustorial” nature of multiple
tubes: they could obtain nutrients more effectively (Lora
et al. 2016; Breygina et al. 2019). Terasaka and Niitsu
(1994) have noticed that actin filament disruption after colchi-
cine treatments inhibits tube growth and induces additional
branching in Pinus densiflora. Therefore, it can be thought
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that branching is closely related to the actin filament disrup-
tion and changes in the filament disruption as a result of var-
ious stresses affecting the branching rate. Moreover, re-
searchers have stated that actin filament disruption may cause
swelling, curling of tube, or rarely branch formation in angio-
sperms (Parrotta et al. 2019; Çetinbaş-Genç et al. 2019).

Cell wall structure is closely related with the actin filament
organization in both angiosperms and gymnosperms because
the actin cytoskeleton carries newly synthesized cell wall ma-
terials to the tube apex (Cai et al. 2011; Cai et al. 2015). For
instance, the modified actin organization changed the cell wall
construction in angiosperms such as Nicotiana tabacum
(Parrotta et al. 2016) and Camellia sinensis (Çetinbaş-Genç
2019). Also, the disturbed actin organization affected the cell
wall architecture in gymnosperms such as Picea meyeri (Chen
et al. 2007) and Picea wilsonii (Sheng et al. 2012). One of the
most obvious differences between angiosperm and gymno-
sperm pollen tube cell wall is the callose distribution.
Callose is distributed throughout the pollen tubes, except the
apex in angiosperms (Cai et al. 2011) because the apex local-
ized callose is related to the abnormal or blocked tube in
angiosperms (Hao et al. 2013; Çetinbaş-Genç 2020).
However, in gymnosperms, callose is located in the apex of
young pollen tube and it cannot be observed throughout the
tube in later stages (Derksen et al. 1999; Fernando et al. 2005).
We investigated the callose accumulation in both unbranched
and branched tubes. According to our results, callose only
appeared in the apex of the unbranched tubes in all groups.
Similarly, researchers have indicated that callose accumulates
at the tips of young pollen tubes in Pinus sylvestris (Fernando
et al. 2005), Picea meyeri (Chen et al. 2007), and Pinus
bungeana (Hao et al. 2013). Based on our results, callose
accumulation in the apex of unbranched tubes increased with
the increasing concentration of MeJA. The intense accumula-
tion of callose in the apex after 0.25- and 0.5-mM MeJA was
thought to be related to the increase of actin anisotropy in
these groups. Similarly, Sheng et al. (2012) have reported that
callose signal in the apex increased after the disruption of actin
filament by lead stress in Picea wilsonii. In branched tubes,
callose accumulation increased only in one apex of a branched
tube at 0.05-mM MeJA. However, callose accumulation in-
creased at both apexes of a branched tube after 0.25- and 0.5-
mM MeJA treatment. After all concentration of MeJA treat-
ments, it was determined that different accumulations of
callose were seen in both apexes of a branched tube. This
suggested that one of the branches was young and the other
was older. Derksen et al. (1999) have reported that young apex
contains denser callose than the older apex in Pinus sylvestris.

There is a relationship between JAs and ethylene and this
relationship has been shown in many plants (Farmer et al.
2003). It has been known that JA treatments increase the eth-
ylene production (Kondo et al. 2007; Mukkun and Singh
2009). For instance, researchers stated that JA and MeJA

increased the ethylene production in fruit or leaves of straw-
berry, apple, tomato, kiwifruit, and olive (Perez et al. 1997;
Hudgins and Franceschi 2004; Wu et al. 2020). Ethylene sig-
nal is required for pollen germination and tube elongation (Jia
et al. 2018). Holden et al. (2003) have stated that ethylene
production in the pistil after pollination promotes the pollen
germination and tube elongation in Petunia inflata and that a
decrease in ethylene amount reduced the pollen germination
and tube elongation. Moreover, researchers have reported that
ethylene affects the actin cytoskeleton (Kushwah et al. 2011;
Li and Jia 2013). Jia et al. (2018) have reported that exoge-
nously ethylene treatment promoted the pollen germination
and tube elongation by modifying the actin cytoskeleton and
changing the cell wall structure.

Conclusion

In conclusion, it was shown that exogenous MeJA alters
the pol len tube elongat ion of Pinus nigra by
reorganizing the actin construction and callose distribu-
tion. It has been identified that 0.05-mM MeJA was
more effective on pollen germination and tube elonga-
tion. These findings provide new insights into the gym-
nosperm pollen tube elongation and mechanism of
MeJA treatment in the tip growth of pollen tubes.
Also, our experiments provided new insight into the
comparison of tube elongation between angiosperm and
gymnosperms.
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