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Abstract

In this study, the effects of heat stress (30 °C, 35 °C, 40 °C) on pollen performance of Echinopsis chamaecereus Friedrich &
Glaetzle were analyzed. Heat-treated pollen grains showed a insignificant reduction in germination rate. Pollen tubes treated
by temperatures above 30 °C exhibited a decrease in tube length and a negative effect on pollen performance according to
cumulative stress response index data. Pollen tube abnormality was enhanced by increased temperature, and bifurcated pol-
len tubes were very dominant than the other abnormalities. Callose accumulation on tube tips was enhanced by increased
temperature. In bifurcated pollen tubes, one of the tubes blocked by callose plugs or dense callose accumulation was observed
on tips. Actin organization showed disruption, and anisotropy of actin filaments increased at temperatures above 30 °C. The
findings show that high temperatures cause destructive effects on male reproductive biology even in species such as cacti

known to be temperature tolerant.
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1 Introduction

Echinopsis chamaecereus Friedrich & Glaetzle belongs to
genus Echinopsis of Cactaceae family that comprises more
than 100 genera and nearly 2000 species (Nyffeler 2002;
Mosti et al. 2011; Schlumpberger and Renner 2012). Mem-
bers of the family have developed different survival mecha-
nisms to avoid extreme environmental conditions because
they grow up in extreme habitats such as under high-temper-
ature conditions. According to their drought and heat resist-
ance, the family members attract more attention concomitant
with increasing global warming (Nuzhyna et al. 2018). The
excessive rise in environmental temperature is the significant
stress factors for plants, and temperature stresses give rise to
reverse effects on the vegetative and generative development
of plants (Hatfield and Prueger 2015). However, the gen-
erative growth is highly responsive to temperature changes;
especially, male gametophyte is much more undefended to
temperature changes (Liu et al. 2006).
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Pollen grains are useful indicators for the detection of
temperature stress effects because pollen grains have species-
specific responses to various stress conditions (Mesihovic et al.
2016). To detect the response to stress, pollen germination
rate, tube length, tube abnormality rate, tube wall or cytoskel-
eton components are generally used parameters (Jia et al.
2017; Cetinbas-Geng et al. 2019). Since callose is the most
plentiful ingredient of the pollen tube wall, the researchers
generally have focused on the changes in callose accumulation
on the tube to demonstrate the effect of heat stress (Parrotta
etal. 2019). Callose is produced by an enzyme named callose
synthase. This enzyme is located in the plasma membrane,
and its distribution is regulated by the actin cytoskeleton.
Therefore, researchers have committed the abnormal callose
accumulation at the apex which is induced via changes in the
actin cytoskeleton. Tube shank includes extended, collateral
actin filaments which attend the fringe region in sub-apex. But
apex just includes operative and active filaments. The aim of
actin filaments is concerned with the transfer of organelles
and vesicles at the apex and to make strong the cell wall in the
back of the apex (Qu et al. 2015). So, convenient dispersion
of the actin filaments is quite essential to give rise to effective
tubes (Jia et al. 2017), whereas the actin cytoskeleton is the
primary focus of circumstances with stress, like temperature
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variations (Parrotta et al. 2016). So, callose accumulation and
actin structure are significant marks to state stress tolerance.

Reproductive biology was studied in only 2% of the 2000
species of the Cactaceae family (del Carmen Mandujano
et al. 2010). Strittmatter et al. (2002) revealed the details of
the breeding system and embryological features, and also
details of microsporangium development (Strittmatter et al.
2006) of Consolea spinosissima Lem. (Cactaceae). Cisneros
et al. (2011) presented the information on ovule morphology,
embryogenesis and seed development in three Hylocereus spe-
cies (Cactaceae). Sanchez and Vazquez-Santana (2018) exam-
ined the embryological data of Mammillaria dioica K. Brande-
gee (Cactaceae). Although heat effects on pollen performance
have been presented in numerous species, there is no report
conducted to determine whether heat stress affects pollen
performance and reproductive success in any member of the
Cactaceae family. Therefore, the Cactaceae family represents
a wide research area for reproduction, pollination and stress
biology studies. The objective of this study is to determine the
effect of heat stress on pollen performance in E. chamaecereus
and to provide a new perspective on this aspect of sensitivity
of reproductive biology under extreme temperature.

2 Materials and method

Pollen grains were germinated at different temperature condi-
tions (25 °C, 30 °C, 35 °C and 40 °C) for 6 h. Germinated
pollen grains at 25 °C were used as control (Elbehi et al. 2013).
BK medium with 25% sucrose was used as germination media,
according to previous studies with minor revisions (Metz et al.
2000; Elbehi et al. 2013). Germination rates and pollen tube
lengths were measured considering approximately 500 pollen
grains and 100 germinated pollen, respectively. Cumulative
stress response index was calculated to appreciate the stress
response of pollen tubes using germination rate (GR) and tube
length (TL) of control (c) and treatment (t) groups with the
following equation (Dai et al. 1994).

GRt — GRc + TLt — TLc
GRc TLc

CsRI = ( ) x 100

Abnormality rates were evaluated considering approxi-
mately 100 germinated pollen grains for each group. Cal-
lose detection was carried out using 0.1% aniline blue at
455 nm wavelengths (Kenrick and Knox 1985). To analyze

the quantitative callose accumulation in the pollen tubes,
the fluorescence intensity of callose was measured by
ImageJ. The analysis was performed on ten different ran-
domly selected pollen tubes from the apex down to 50 um
for each group. Visualization of actin filaments was carried
out according to Lovy-Wheeler et al. (2005). For visualiza-
tion, 6.6-uM Alexa 488-phalloidin stained tubes were inves-
tigated at 488 nm wavelengths. Actin filament anisotropy
was measured considering ten various randomly chosen
tubes at 150-um segment with the equivalent length for each
group. ImageJ FibrilTool plugin was used for measurement
(Boudaoud et al. 2014). All of the preparations were ana-
lyzed and photographed with KAMERAM software, assisted
by a KAMERAM both light and fluorescent camera and an
Olympus BX-51 microscope. Statistical analyses were per-
formed by SPSS 16.0 software, and data were subjected to
one-way analysis of variance (ANOVA) with a threshold P
value of 0.05.

3 Results

Pollen germination rate was highest at 25 °C by about 26%.
Although the germination rate was decreased by about 3%
at 30 °C, 1% at 35 °C and 5% at 40 °C, the reductions were
not significant statistically. In contrast to germination, the
longest tubes were observed at 30 °C. The tube length was
increased about 14% at 30 °C, but decreased about 1.5% at
35 °C and 14% at 40 °C in comparison with control. Also,
results revealed heat stress-induced abnormalities on pollen
tube. Minimum tube abnormality was detected at 25 °C by
about 2%. The abnormality rates were about 6% at 30 °C,
7% at 35 °C and 12% at 40 °C. It has been also determined
that bifurcated pollen tubes were very dominant than the
other abnormalities such as swelling or undulating tubes. To
clarify the effects of heat stress, the CSRI value of stressed
groups was calculated. According to CSRI data, 30 °C was
showed a positive effect, while 35 °C and 40 °C were dem-
onstrated a negative effect on pollen performance. Also, the
most destructive effect was determined at 40 °C (Table 1).
According to aniline blue staining, callose accumula-
tion on tube tips was enhanced by temperature increment
(Fig. la). The enhancement was not much more on the
tube tips at 30 °C in comparison with control (Fig. 1b).
However, callose accumulation on the tube tips was

Table 1 Effects of heat stress

Control 30 °C 35°C 40 °C
on pollen performance of E.
chamaecereus Germination rate (%)  26.00+0.58" 23.67+3.53" 25.00+2.08* 21.00+2.08°
Tube length (um) 241.11+80.33%  277.0276+84.3>  237.4884+77.89°  205.6184+78.41°
Abnormality rate (%) 1.33+0.33° 5.67+1.33° 7.33+0.33° 11.00+1.15¢
CSRI - 5.9221 —5.3484 —33.9510

Distinct letters point out the statistically significant differences at the P < 0.05 level
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obvious at 35 °C and 40 °C (Fig. 1c, d). In bifurcated pol-
len tubes, callose plugs or dense callose accumulation was
seen at only one tube (Fig. le, f). To reveal the obvious
variations of callose accumulation on tube tips, the FI of
callose at segment of 50 um in ten pollen tubes was deter-
mined in each treatment groups using software-based anal-
ysis. The fluorescence intensity of callose was increased
about 22% at 30 °C, 78% at 35 °C and 156% at 40 °C in
comparison with control (Fig. 1g). Shank of pollen tubes
showed the parallel organization of actin filaments. On
the other hand, actin filaments aligned as curt and flux-
ional in the apex at 25 °C and 30 °C (Fig. 1h, i). Some
disruption on actin cytoskeleton was observed at 35 °C
(Fig. 1j). Actin filaments lost their parallel bunch appear-
ance in the shank, and also disorganizations were obvious
on the apex at 40 °C (Fig. 1k). To analyze the clear dif-
ferences of actin organizations, actin filaments anisotropy
at 150-pum segment of ten pollen tubes of each treatment
group was determined using software-based analysis. The
anisotropy of actin filaments was decreased about 14% at

30 °C, increased about 7% at 35 °C and 24% at 40 °C in
comparison with control (Fig. 11).

4 Discussion

In the main study, the effects of heat stress on pollen per-
formance of E. chamaecereus were analyzed. Based on the
results, the germination was inhibited by temperature incre-
ment. Consistently, several researchers have been reported
the regression of pollen germination by heat stress in many
species such as olive, tobacco and hazelnut (Koubouris et al.
20009; Parrotta et al. 2016; Cetinbas-Geng et al. 2019). The
observations also revealed that pollen tube elongation was
stimulated at 30 °C when compared to the control. However,
tube length was mightily restricted by temperature above
30 °C. Similar results have been presented in pollen tubes
of cotton that exposed to 30 °C, 35 °C, 40 °C and 45 °C. It
was revealed that temperatures above 35 °C inhibited tube
extension (Song et al. 2015). Besides, Parrotta et al. (2016)

-
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Fig. 1 Representative images of callose accumulation pattern, fluorescence intensity of callose, representative images of actin filament orienta-
tion and anisotropy of actin filaments at different temperature conditions. a Callose pattern of pollen tube tip at 25 °C, b pollen tube tip without
callose accumulation at 30 °C, ¢ callose accumulation on tube tip at 35 °C, d dense callose accumulation on tube tips at 40 °C, e bifurcated pol-
len tube with callose plug at 35 °C (asterisk), f bifurcated pollen tube with blocked on tip of a branch by callose at 40 °C (asterisk), g graphic
representation of the callose fluorescence intensity of pollen tubes from the apex down to 50 um, h parallel actin filaments at 25 °C, i parallel
actin filaments at 30 °C, j actin organizations with some disruption at 35 °C, k disorganized actin filaments at 40 °C, 1 actin filaments anisotropy
of pollen tubes from the apex down to 150 um (distinct letters point out the statistically significant differences, and error bars indicate the stand-

ard errors). Scale: 20 um (h-k), 50 um (a—f)
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showed pollen tube lengths of tobacco showed a compara-
ble reduction at heat temperature treatment (35 °C, 37 °C
and 40 °C). For allowing to define the temperature that has
devastating effects, CSRI values were determined. CSRI
data showed that 30 °C has a stimulating effect; however,
temperatures above 30 °C have a devastating effect on pol-
len tube kinetics. Similarly, negative CSRI values have been
determined in pollen tubes of almond that exposed to 30 °C
and 40 °C (Sorkheh et al. 2018). Although 30 °C is a high-
temperature condition with respect to former studies (Song
et al. 2015; Sorkheh et al. 2018), positive CSRI value at
30 °C indicates the pollen grains of E. chamaecereus which
is resistant to this temperature.

Results also revealed that the pollen tube abnormality
progressively was enhanced by increased temperature. It was
remarkable that bifurcated pollen tubes were very dominant
than the other abnormalities such as the poly tube, swelling
or irregular diameter. Consistent with the result, research-
ers noticed various temperatures remarkably which alter
the pollen tube morphology (Srinivasan et al. 1999). It has
been noticed tumescence on tea pollen tube apex exposed
to cold stress (Wang et al. 2016). Also, pollen tubes that
exposed the low and high temperatures have exhibited swol-
len tips in hazelnut (Cetinbas-Geng et al. 2019). Moreover,
Biiyiikkartal (2002) has been stated that abnormalities such
as bifurcation at tube tips arrested the pollen tube elonga-
tion in Trifolium pratense. Also, Cheung et al. (2003) have
been indicated the pollen tube prolongation inhibited after
bifurcation of pollen tube tips.

Callose is an important parameter for the assessment of
pollen functionality. Callose accumulation on tube tip only
seen at blocked tube due to incompatibility or stress (Unal
et al. 2013). According to findings, callose accumulation on
tips was enhanced by temperature increment. In bifurcated
pollen tubes, one of the tubes was blocked by callose plugs
or dense callose accumulation on tips. In the plasma mem-
brane, the placement of callose synthase is conducted by
actin filaments. It has been expressed that modification in
actin arrange might stimulate unusual callose accumulation
in pollen tubes (Cai et al. 2011; Jia et al. 2017).

In a regular pollen tube, actin cytoskeleton is packed into
parallel filaments in the shank region (Qu et al. 2015). They
are extremely dynamic at the tip and pollen tube growth
which depends on the dynamism of apical actin filaments
(Liu et al. 2015). Accordingly, convenient organization and
dynamics of the actin cytoskeleton are essential to gener-
ate well elongating tubes (Parrotta et al. 2016). Neverthe-
less, actin cytoskeleton has often been considered a focus of
stress, like heat or drugs. Gao et al. (2015) have been noticed
low-temperature-induced actin cytoskeleton depolymeriza-
tion in pollen tubes of pear. In the same way, Parrotta et al.
(2016) indicated high-temperature-induced alterations of the
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actin cytoskeleton in tobacco. Similar with these studies,
actin organization showed some disruption especially on
apex at the temperature above 30 °C in E. chamaecereus.
To analyze the changes on the dynamism of apical actin fila-
ments, actin filaments anisotropy of pollen tube at 150-pum
segment was determined using FibrilTool, Image J software-
based analysis. Anisotropy value is a count among 0 and 1
(Boudaoud et al. 2014). And rising of anisotropy refers the
reduction in actin dynamics. (Parrotta et al. 2016). Based
on the results, the anisotropy of actin filaments was reduced
by 14% at 30 °C, increased about 7% at 35 °C and 24% at
40 °C in comparison with control. These results revealed
that 30 °C improved the actions of apical actins that leads to
speedy growth. In the same way, 35 °C and 40 °C decreased
the apical actin actions that lead to slow growth. In a similar
fashion, it has been presented that actin filaments exhibited
a higher anisotropy and triggered the short pollen tube gen-
eration, a consequence of heat treatment in tobacco (Par-
rotta et al. 2016). Moreover, it has been concluded that actin
cytoskeleton disruption causes tip abnormality (Anderhag
et al. 2000; Fang et al. 2016). Pollen tubes that exposed the
actin-stabilizing chemicals showed distension and dichot-
omy on tubes (Cardenas et al. 2008; Ketelaar et al. 2012).

In conclusion, temperatures above 30 °C disrupt actin
anisotropy and, in connection with this, cause tube abnor-
malities and excessive callose accumulation on tube tips
that may prevent fertilization. The findings show that high
temperatures can cause destructive effects on reproductive
biology even in species such as cacti known to be tempera-
ture tolerant. So, results will provide a new perspective at
reproductive biology under stressful condition. Also, results
are important for understanding how heat stress affects cell
mechanisms.
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