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Abstract: High temperature can induce the production of 2n gametes and aborted pollen during
microsporogenesis in Populus canescens. However, the mechanism by which high temperature
induces pollen abortion remains unknown. Here, pollen abortion was induced by exposing male
flower buds of P. canescens to 38 and 41 °C; pollen morphology, meiotic abnormalities, defects of the
meiotic microtubular cytoskeleton, and tapetum development were characterized. We found that the
dominant meiotic stage, temperature, and duration of treatment significantly affected the percentage
of high temperature-induced aborted pollen. Damaged spindle microtubules and depolymerized
microtubular cytoskeletons were observed, which resulted in many lagging chromosomes at anaphase
I'and II as well as aneuploid male gametes and micronuclei, thereby generating aborted pollen grains.
Tapetum disintegration was also delayed. The anther dehisced normally, and some viable pollen
grains were released. However, no sufficient evidence showed that the delayed degradation of the
tapetum was responsible for pollen abortion.

Keywords: high temperature; aborted pollen; spindle; microtubular cytoskeleton; tapetum; Populus
canescens

1. Introduction

In the context of global climate change, the key climatic parameters seem to be ad-
versely affected are average surface temperatures, atmospheric CO, concentrations, rainfall
regimes, and ultraviolet radiation. Concerning the temperature, over the past 100 years,
global air temperatures have increased by 0.74 & 0.18 °C, and an increasing rate of warming
has taken place over the last 25 years. Overall, global climate change models predict a
temperature increasing ranging from 1.8 °C to 4.0 °C over the next century. Obviously, such
environmental changes would have significant effects on plant growth and development,
species distribution, and diversity [1,2]. On a whole-plant level, elevated temperature
induces multiple physiological disruptions, affecting both vegetative and reproductive
processes. The sexual reproductive stage seems to be particularly vulnerable, resulting in a
crop yield reduction being the most negative expected effect [3,4].

In Populus, owing to the sensitivity of pollen mother cells (PMCs) to environmental
temperature during meiosis, high temperature is often used as a physical mutagenic agent
to induce 2n pollen [5-7]. Zhang et al. [6] showed that the maximum frequency of 2n pollen
that could be induced by high temperature exposure in P. alba L. was 39.6%. Tian et al. [7]
demonstrated that the highest frequency of induced 2n pollen (56.3%) was achieved in
Populus canescens (Aiton) Smith. Among the above studies, except for 2n pollen, a large
number of aborted pollen grains were commonly observed. However, the mechanism by
which aborted pollen is produced by high temperature remains unknown.
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Abortion is a common reproductive phenomenon that is closely related to the amount
of pollen, pollen viability, fertilization, and growth [8]. Previous studies have identified the
following cytological factors as causes of abortion: (i) meiosis, (ii) tapetum development
and disintegration, and (iii) cytoskeleton formation and disintegration [9-11]. First, meiosis
is particularly susceptible to environmental changes. Many cytological events including
cytomixis and abnormal chromosome behaviors occur during meiosis. Cytomixis events
involving the exchange of chromosomes between meiocytes could contribute to the for-
mation of unbalanced tetrads and polyads, which partly explains pollen abortion [12]. In
addition, abnormal chromosome behaviors contribute to aborted pollen. Second, abortion
is generally associated with tapetum development and disintegration. On the one hand,
tapetum cells might secrete some components such as callose and sporopollenin precursors,
which contribute to the dissolution of callose and the formation of exine, respectively [13].
The decrease in callose and sporopollenin might inhibit the development of microspores,
leading to pollen abortion [14]. On the other hand, the abnormal enlargement and disin-
tegration of the tapetum can result in a lack of nutrition for microspores and thus lead to
abortion [10]. Finally, the cytoskeleton is responsible for mediating dynamic changes dur-
ing meiosis and thus is closely associated with abortion. For example, aberrant cytoskeletal
dynamics and an abnormal distribution of the cytoskeleton can ultimately lead to pollen
abortion [11].

After flower buds are treated with high temperature in higher plants, macrospores or
eggs form and mature in the ovule, which can only be observed through paraffin sectioning.
Consequently, determining the effects of high temperature exposure on the fertility of
female gametes is difficult. However, evaluating the effects of high temperature exposure
on the fertility of pollen grains after they are released from anthers is less of a challenge by
comparison. The objective of this study was to characterize the mechanism by which pollen
abortion is induced via high temperature in P. canescens. Pollen abortion was induced by
temperatures of 38 and 41 °C; pollen morphology, meiotic abnormalities, defects of the
microtubular cytoskeleton during meiosis, and tapetum development were characterized,
and expression analysis of PtActin gene was conducted. Our findings provide new insights
into the mechanisms of heat stress-induced pollen abortion.

2. Materials and Methods
2.1. Plant Materials

Male floral branches (2n = 2x = 38) of P. canescens were collected from a natural
population in Aletai, Xinjiang Uygur Autonomous Region, China. All sampled male
branches were trimmed and cultured in tap water in a greenhouse (10-20 °C) located in
Beijing Forestry University to promote floral development. No nutrients were added to the
tap water.

2.2. High Temperature Exposure and Detection of Aborted Pollen

High temperature exposure was conducted according to the methods described by
Tian et al. [7] Male flower buds were sampled at the following dominant meiotic stages:
leptotence, zytotence, pachytence, diplotence, diakinesis, and metaphase I. The male
flower buds were exposed to temperatures of 38 and 41 °C for 3 h and 6 h in a chamber,
respectively. The air humidity of the chamber was 70%. Untreated male flower buds were
used as the control group. After each treatment, all treated flower branches continued
to be hydroponically cultured until anthers matured. Pollen samples were collected and
stored in tubes with allochronic silica gel. To detect aborted pollen, some pollen grains
were sampled, spread on a microscopic slide with a needle, and mounted in a drop of
aceto-carmine solution (2%). Pollen grains were stained with acetocarmine solution, and
unstained pollen grains were considered aborted pollen.

For scanning electron microscopy analysis, fixed pollen grains were rinsed with
ethanol and air-dried. Samples were sputter-coated with gold using a HITACHI E-1010
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ion sputter coater and observed under a HITACHIS-3400N microscope (Hitachi Limited,
Tokyo, Japan), with an accelerating voltage of 5 kV.

For evaluation of induced pollen viability, a pollen germination test was conducted
in vitro according to the methods reported by Zhao et al. [15] The medium for pollen
germination had a pH value of 6.0. Pollen germination was conducted in a climate chamber
at 26 °C. At 6 h after culture, the sampled pollen grains were fixed in Carnoy’s fluid for
10 min after being centrifuged for 5 min at a speed of 1000 rpm. The germination rate
of each sample was calculated using an eyepiece micrometre. A total of 300-600 pollen
grains were assessed per sample. The germination rate was estimated by the number of
germinated pollen grains and the total number of sampled pollen grains.

2.3. Meiotic Analysis of Pollen Mother Cells

As previously described by Tian et al. [7], when all treatments were finished, two
to three flower buds were randomly sampled from the control group and the treatment
groups every 2 h and fixed in Carnoy’s fluid (ethanol:acetic acid, 3:1) until tetrads appeared.
After 24 h, the fixed male buds were transferred to a 70% ethanol solution and stored in a
refrigerator at 4 °C. For meiosis analysis, some anthers were dissected from the fixed buds
using forceps and were crushed in a drop of aceto-carmine solution (2%) onto a microscope
slide. Photomicrographs of developing microsporocytes (characterized by different meiotic
stages) were placed under a fluorescence microscope (model BX51; Olympus, Tokyo, Japan)
with a CCD camera (model DP70; Olympus, Tokyo, Japan). A total of 200-300 PMCs were
counted per sample.

2.4. Tubulin Immunolocalization

The fresh anthers were randomly sampled from the control group and treatment
groups and fixed in 4% paraformaldehyde (PEM buffer, pH 6.9) for 60 min. Next, o-tubulin
immunolocalization analysis of PMCs during meiosis was performed as described previ-
ously [16]. Photomicrographs of developing microsporocytes (characterized by different
meiotic stages) were collected with a Leica TCS-SP8 confocal laser scanning microscope.

2.5. Observation of Tapetum Development during Microspore Maturation

When PMCs were at the tetrad stage, two to three flower buds were randomly sampled
from the control and treated groups every two days and fixed in Carnoy’s fluid. After 24 h,
the fixed male buds were transferred to the 70% ethanol solution and stored in a refrigerator
at 4 °C. For observation of tapetum development, some anthers were dissected from the
fixed buds using forceps and dehydrated in alcohol and xylene, embedded with paraffin,
and sectioned for 8 um. The sections were stained with toluidine blue and photographed
under an Olympus BX51 microscope(Olympus, Tokyo, Japan).

2.6. Statistical Analysis

We used a general linear model (GLM) to determine the effect of meiotic stage, tem-
perature, and duration of treatment on the abortion rate of pollen. Data for the abortion
rate of induced pollen were transformed (1/p) before analyses of variance to achieve ho-
mogeneous variances. All statistical analyses were conducted with SPSS software (SPSS for
Windows, Version 13, SPSS, Chicago, IL, USA).

3. Results
3.1. The Effects of High Temperature on Aborted Pollen Production, Pollen Morphology and
Pollen Viability

Male buds of P. canescens developed slowly and anthers became dry and brown
after high temperature treatment. Some buds were dead after they were exposed to high
temperatures, which precluded pollen collection.

High temperature-induced pollen was collected from all surviving male buds. A
high proportion of aborted pollen was observed in addition to some induced 2n pollen



Forests 2023, 14, 797

40f 15

(Figure 1a). Spontaneously aborted pollen was rarely observed in the control group
(Figure 1b). The percentage of aborted pollen in different treatments is shown in Table 1.
The average percentage of high temperature-induced aborted pollen varied from 9.45 to
25.11%. GLM-univariate analysis of the percentages of high temperature-induced aborted
pollen showed that dominant meiotic stage (F = 5.75, p < 0.001), temperature (F = 25.71,
p <0.001), and duration of treatment (F = 17.82, p < 0.001) significantly affected the percent-
ages of high temperature-induced aborted pollen. Dominant meiotic stage x temperature
(F=3.96, p = 0.004) and dominant meiotic stage x duration (F = 5.48, p < 0.001) interac-
tions also significantly affected the percentage of high temperature-induced aborted pollen.
Temperature x duration (F = 2.40, p = 0.128) and dominant meiotic stage x temperature
x duration (F = 1.21, p = 0.319) interactions had no significant effect on the percentage of
high temperature-induced aborted pollen. LSD multiple comparison tests showed that the
differences in induced aborted pollen production were significantly higher at the diplotene
stage than at the leptotene, pachytene, diakinesis, and metaphase I stages (« = 0.05). The
percentage of high temperature-induced aborted pollen was higher at 41 °C than at 38 °C.
The percentage of high temperature-induced aborted pollen was higher for samples that
were treated after 6 h than after 3 h.

Figure 1. Aborted pollen and 2n pollen induced via high temperature exposure and sponta-
neously aborted pollen in P. canescens (scale bar = 20.0 um). (a) Aborted pollen (arrow) and high
temperature-induced 2n pollen (arrowhead) in P. canescens. (b) Spontaneously aborted pollen (arrow)
in P. canescens.

Table 1. Aborted pollen production induced by high temperature in P. canescens.

Hours after Dominant Meiotic =~ Temperature Duration (h) Percentage of
Being Cultured Stage of PMCs °Q) Aborted Pollen (%)
38 3 9.45 4+ 0.92
38 6 17.15 £ 2.56
52 Leptotene 4 3 1129 + 1.7
41 6 17.92 £ 2.55
38 3 12.78 £ 5.06
oA Zygotene 38 6 2245 +221
41 3 17.39 £ 5.65
41 6 20.37 £0.83
38 3 15.72 +2.02
38 6 15.35 £ 4.33
76 Pachytene 41 3 18.61 + 5.20
41 6 16.16 +1.35
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Table 1. Cont.

Hours after Dominant Meiotic = Temperature Duration (h) Percentage of
Being Cultured Stage of PMCs Q) Aborted Pollen (%)

38 3 19.90 + 3.03

. 38 6 19.33 + 0.96

88 Diplotene 4 3 2097 + 4.10

41 6 2093 £1.70

38 3 14.17 + 1.80

s 38 6 13.83 +£1.73

o4 Diakinesis 14 3 16.95 + 1.82

41 6 20.62 £+ 3.49

38 3 10.82 + 341

38 6 13.76 + 2.06

100 Metaphase I 41 3 2511 + 4.8

41 6 2413 £4.05

Control 7.58 £1.32

Pollen morphology was studied by scanning electron microscopy. The pollen grains
within the control group was uniform and spherical, with few corrugations and a granular
surface (Figure 2a—c). There were no apertures on the surface. Few aborted pollen grains
(arrows) were induced (Figure 2b,c) by 38 °C high temperature for 3 h or 6 h. The morphol-
ogy (Figure 2d,e) and the ectexine structure (Figure 2f-i) of induced pollen were similar
to the control group, suggesting that high temperature had no significant effects on the
pollen morphology.

Figure 2. Scanning electron micrographs of pollen grains of P. canescens male flower buds exposed to
high temperature (38 °C for 3 h or 6 h) or 25 °C (control) at the diplotene stage. (a) Morphology of
pollen grains from the control group. (b) Ectexine structure of pollen grains from the control group.
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(c) Details of the ectexine structure in pollen of the control group. (d) Morphology of pollen grains
exposed to high temperature (38 °C for 3 h) (white arrows show aborted pollen grains). (e) Morphol-
ogy of pollen grains exposed to high temperature (38 °C for 6 h) (white arrows show aborted pollen
grains). (f) Ectexine structure of pollen exposed to high temperature (38 °C for 3 h). (g) Ectexine
structure of pollen exposed to high temperature (38 °C for 6 h). (h) Details of the ectexine structure
in pollen exposed to high temperature (38 °C for 3 h). (i) Details of the ectexine structure in pollen
exposed to high temperature (38 °C for 6 h). Scale bar = 100 (a,d,e), 10 (b,f,g), and 5 um (c,h,i).

For evaluation of induced pollen viability, fresh high temperature-induced pollen
grains were supplied for germination testing on a medium containing 0.7% agar, 50 mg/L
calcium chloride, 120 mg/L boric acid. Some germinated pollen grains were, respectively,
observed for the control (Figure 3a), treatment at 38 °C for 3 h (Figure 3b) and treatment at
38 °C for 6 h (Figure 3c) groups. Pollen germination rates are shown in Figure 3d. After
6 h of culture, the average germination rate in the control group was 26.95%, which was
slightly higher than that of induced pollen after treatments at 38 °C for 3 h (21.52%) and
at 38 °C for 6 h (20.29%), indicating that the frequency of aborted pollen in the treatment
groups were slightly higher than that in the control group. Among the treatments, the
average germination rate of pollen subjected to 38 °C treatment for 3 h was slightly higher
than that of pollen subjected to 38 °C treatment for 6 h. However, the GLM-univariate
analysis of germination rates revealed that high temperatures had no significant effect on
induced pollen germination rates.
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Figure 3. Effect of high temperature on pollen viability in P. canescens. (a) Germinated fresh pollen
grains derived from the control group. (b) Germinated pollen grains derived from the treatment at
38 °C for 3 h. (c) Germinated pollen grains derived from the treatment at 38 °C for 6 h. (d) Pollen
viability in flower buds exposed to 38 °C for 3 or 6 h in P. canescens. Control corresponds to 25 °C,
that is, standard culture conditions. Bars = 50 um.
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3.2. Induced Meiotic Abnormalities by High Temperature

In male flower buds that were exposed to 38 °C for 3 h or 6 h at the diploptene
stage, all treated flower branches continued to be hydroponically cultured until pollen
was released from the anthers. At the anaphase I, anaphase 1II, and tetrad stages, five
flower buds per treatment were sampled to determine the effect of high temperature on the
meiosis of PMCs. In the control group, the PMCs underwent normal meiosis, and a few
lagging chromosomes in some PMCs were observed at anaphase I (Figure 4a) or anaphase
II (Figure 4b). The number of lagging homologous chromosomes varied from 1 to 8, and the
percentage of PMCs with lagging homologous chromosomes was 22.7 & 4.2% at anaphase
I. The number of lagging sister chromosomes varied from 1 to 10, and the percentage of
PMCs with lagging sister chromosomes was 13.3 &= 5.0% at anaphase II (Table 2).

Figure 4. High temperature-induced lagging chromosomes and aberrant cytokinesis during the
microsporogenesis of P. canescens. (a) Anaphase I in a control PMC. (b) Lagging chromosomes (arrow)
at anaphase Il in a control PMC. (c¢) Lagging chromosomes (arrow) in anaphase I derived from a PMC
previously exposed to 38 °C for 3 h. (d) Lagging chromosomes (arrow) in anaphase II derived from a
PMC previously exposed to 38 °C for 3 h. (e) Lagging chromosomes (arrow) in anaphase I derived
from a PMC previously exposed to 38 °C for 6 h. (f) Lagging chromosomes (arrow) in anaphase
II derived from a PMC previously exposed to 38 °C for 6 h. (g) Normal tetrad in a control PMC.
(h) Polyad derived from a PMC previously exposed to 38 °C for 3 h. (i) Polyad with unbalanced
cytokinesis derived from a PMC previously exposed to 38 °C for 6 h. Bars = 10 pum.
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Table 2. Formation of lagging chromosomes induced by high temperature exposure in P. canescens.

Percentage of PMCs with Lagging Number of Lagging Chromosomes

Duration (h) Chromosomes (%)
Anaphase I Anaphase II Anaphase I Anaphase II
3 40.67 + 3.06 ° 3333 £8.00° 1-13 1-20
6 55.33 +4.16 ° 48.67 +3.06° 1-28 1-23
Control 22,67 +£4.162 13.33 £5.03% 1-8 1-10

Note: Lowercase letters indicate significance at the p < 0.05 level.

In some PMCs exposed to 38 °C, meiosis was abnormal, and a large number of lagging
chromosomes were observed at anaphase I or II (Figure 4c—f). After 3 h of treatment at
38 °C, the number of lagging homologous chromosomes varied from 1 to 13, and the
percentage of PMCs with lagging homologous chromosomes was 40.7 & 3.1% at anaphase
I. The number of lagging sister chromosomes varied from 1 to 20, and the percentage of
PMCs with lagging sister chromosomes was 33.3 & 8.0% at anaphase II (Table 2). The
percentage of PMCs with lagging homologous or sister chromosomes was significantly
higher after treatment at 38 °C for 3 h compared with the control group. When PMCs
were treated at 38 °C for 6 h, the number of lagging homologous chromosomes varied
from 1 to 28, and the percentage of PMCs with lagging homologous chromosomes was
55.3 & 4.2% at anaphase 1. The number of lagging sister chromosomes varied from 1 to 23,
and the percentage of PMCs with lagging sister chromosomes was 48.7 &= 3.1% at anaphase
II (Table 2). The percentage of PMCs with lagging homologous or sister chromosomes was
slightly higher after treatment at 38 °C for 6 h compared with PMCs treated at 38 °C for 3 h.

After two rounds of cell division, normal cytokinesis occurred in the control group,
resulting in tetrad formation (Figure 4g). However, few micronuclei were observed in
some of the treated PMCs (Figure 4h,i), and some polyads formed at the tetrad stage,
suggesting that chromosome segregation errors occurred and led to the production of
aneuploid gametes.

3.3. Delayed Tapetum Development Is Not Responsible for Induced Aborted Pollen Production

Defective tapetum development is often associated with the disrupted development
of meiocytes and/or pollen and reduced /impaired fertility [17]. We examined the effect
of high temperature on tapetum development via sectioning and toluidine blue staining
during microspore maturation. At the tetrad stage in the control group, the tapetum was
observed in the anther, which surrounded the developing PMCs (Figure 5a). Two days
after the tetrad stage, the tapetum degenerated normally by programmed cell death (PCD)
(Figure 5b). Four days after the tetrad stage, thinner tapetal layer cells were observed in the
anther (Figure 5c). Six days after the tetrad stage, no tapetal layer cells were observed in
the anther (Figure 5d). Eight days after the tetrad stage, the anther dehisced, and a large
number of pollen grains with good fertility were released (Figure 5e).

At the tetrad stage in the group exposed to 38 °C for 3 h, the tapetum was observed in
the anther, which surrounded the developing PMCs (Figure 5f). Two days after the tetrad
stage, tapetum degenerated gradually by PCD (Figure 5g). Four days after the tetrad stage,
thinner tapetal layer cells were observed in the anther (Figure 5h). Six days after the tetrad
stage, few tapetal layer cells were observed in the anther (Figure 5i), suggesting that the
tapetum of the treated anthers degenerated more slowly than the tapetum in the control
group. Eight days after the tetrad stage, the anther matured, and more abortive pollen
grains were released (Figure 5j). A similar pattern of tapetum degeneration was observed
for PMCs exposed to 38 °C for 6 h (Figure 5k-n), except that many more abortive pollen
grains were released after anthers matured (Figure 50).
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Figure 5. Tapetum development of anthers of P. canescens male flower buds exposed to high tempera-
ture (38 °C for 3 h or 6 h) or 25 °C (control). (a—e) Tapetum development of anthers from the control
group. (f—j) Tapetum development of anthers exposed to 38 °C for 3 h. (k-0) Tapetum development
of anthers exposed to 38 °C for 6 h. Scale bars = 5 pm.
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3.4. Induced Spindle Destabilization Results in Aborted Pollen Production

Because the meiotic microtubular cytoskeleton plays an important role in the segrega-
tion of homologous and sister chromosomes during meiosis, we examined the integrity
and localization of microtubule structures of meiocytes exposed to 38 °C for 3 or 6 h us-
ing tubulin-« immunocytology. Under control conditions, the microtubular cytoskeleton
was distributed regularly in microsporocytes (Figure 6a-h), which allowed for the proper
segregation of chromosomes in daughter cells. After PMCs were treated at 38 °C for 3 h
or 6 h at the diplotene, all meiotic stages exhibited the same microtubular distribution
pattern (Figure 6i—x), similar to unstressed meiocytes (Figure 6a—h). However, the high
temperature treatment resulted in some defects in the meiotic microtubular cytoskeleton.
For example, the microtubules depolymerized and were not present in the cytoplasm. The
extent of the treatment affected the degree of microtubule destabilization, and the plasma
membrane even ruptured in some cells.

In the metaphase of the first meiotic division, a single bipolar spindle microtubule
depolymerized in cells treated at 38 °C for 3 h (Figure 6j) and was damaged in cells
treated at 38 °C for 6 h (Figure 6r). The damaged spindle microtubule resulted in the
slow movement of chromosomes within the cytoplasm. This is consistent with the large
number of lagging homologous chromosomes observed at anaphase I (Figure 4d,g). Similar
to metaphase II, a double bipolar spindle microtubule at metaphase II depolymerized in
cells treated at 38 °C for 3 h (Figure 6n) and was damaged in cells treated at 38 °C for
6 h (Figure 6v). Subsequently, several lagging sister chromosomes at anaphase II were
observed (Figure 4e,h).

Under control conditions, telophase Il male meiocytes typically generate a microtubule
network that consists of six tetrahedrally arranged phragmoplast-like structures, which
are localized between the four haploid nuclei (Figure 6h). However, telophase II male
meiocytes treated at 38 °C for 3 h generated a new complex microtubule network that
surrounded more than four nuclei instead of the six tetrahedrally arranged phragmoplast-
like structure (Figure 6p). Microtubule bundles between two nuclei were much thinner in
cells treated at 38 °C for 6 h (Figure 6x) than cells treated at 38 °C for 3 h and control cells.

Figure 6. Cont.
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Figure 6. Defects in the meiotic microtubular cytoskeletons of PMCs exposed to 38 °C for 3h or 6 h
in P. canescens. (a-h) Meiotic microtubule distributions of PMCs from the control group. (i-p) Defects
in the meiotic microtubular arrangement of PMCs after treatment at 38 °C for 3 h. (q—x) Defects in
the meiotic microtubular arrangement of PMCs after treatment at 38 °C for 6 h. (a,i,q) Diakinesis.
(b,j,x) Metaphase I. (¢,k,s) Anaphase I. (d,1,t) Telophase I. (e,m,u) Prophase II. (f n,v) Metaphase II.
(g,0,w) Anaphase II. (h,p,x) Telophase II. Tubulin-o is shown in green, and DAPI is shown in blue.
Scale bars = 10 um.

4. Discussion

Heat stress (32 to 40 °C) will decline pollen viability. Many former studies have showed
a decrease in the number of produced and released pollen grains [18,19], a reduction in
pollen viability [20], as well as changes in both the pollen wall structure [18,20] and female
fertility [21,22]. Pollination in flowering plants sometimes were affected by the high
temperature. Koti et al. [18] documented that exposing to high day/night temperatures
(38/30 °C) affected the pollen tube growth in soybean during flowering. When flowering
Brassica napus was treated at 35 °C for 4 h, a reduction in the pollen germination rate was
observed by Young et al. [22]. Cross et al. reported that the process of fertilization in flax
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was affected by cyclical (daytime high 40 °C and night-time low 18 °C) heat stress 12 days
after the initiation of flowering [23]. Subsequent events, such as embryogenesis and seed
maturation, were also shown to be potentially sensitive to heat stress, leading to progenies
with increased leaf area or delayed bud formation and dehardening [24-26].

In our study, high temperatures (38 and 41 °C) were shown to be capable of inducing
the production of a large amount of aborted pollen. Suitable high temperature exposure
affected the amount of aborted pollen in both a dosage- and meiotic stage-dependent
manner. Flower buds had higher amounts of aborted pollen when exposed to higher tem-
peratures. Heat exposure during microsporogenesis has been suggested to lead to pollen
abortion in various species such as Phaseolus vulgaris [20], cotton [27], Oryza sativa [28],
Solanum lycopersicum [29,30], and wheat [31,32]. However, in P. canescens, this response is
only observed during a narrow window of development (limited to meiosis), which was
consistent with the findings of in Rosa [8].

Meiosis is a specialized type of cell division that gives rise to daughter cells with
reduced numbers of chromosomes. The reliable segregation of chromosomes is particularly
important during meiosis, which is the specialized cell division that results in the formation
of eggs and sperm. The egg and the sperm need to have one copy of each chromosome
to give rise to a healthy embryo upon fertilization. If normal chromosome segregation
is disrupted by an inhibitor of the spindle at anaphase I and II, chromosome segregation
errors during meiotic division lead to the production of aneuploid gametes.

Given rapid changes in global climate, the effects of temperature on plant reproduction
have received increased interest [3]. The process of meiosis of PMCs is sensitive to high tem-
perature stress. Therefore, rising global temperatures threaten global crop production [33].
Previous studies have shown that heat stress results in numerous meiotic abnormalities,
including chromosome stickiness, laggards, micronuclei, and spindle disorientation in the
second meiotic division and aberrant cytokinesis, which suggests that meiosis in higher
plants is sensitive to heat stress [34,35]. Here, male flower buds of P. canescens at the
diplotene stage during the first cell division were exposed to 38 °C for 3 or 6 h. After
high temperature treatment, chromosome segregation was delayed, and several lagging
chromosomes were observed at anaphase I and II, resulting in the formation of aneuploid
gametes and micronuclei. Some polyads were observed at the tetrad stage. Therefore, the
aborted development of male meiocytes was observed prior to meiotic cytokinesis. This
is consistent with observations of aborted pollen induced by 38 °C treatment in previous
experiments [7].

The tapetum is located at the interface between gametophytic and sporophytic tis-
sues and provides important elements for the development of male gametophyte, such
as callose or sporopollenin precursors to help callose dissolution and exine formation,
respectively [13]. The process of the tapetum’s development can generally be divided into
three stages: tapetum specification, tapetal cells’ binucleation, and degeneration through
PCD [13]. The fate of sexual cells and anther somatic cells is determined at floral stage 8/an-
ther stage 4. However, both the tapetum and PMCs form at floral stage 9 and anther stage 5
in Arabidopsis [36], respectively. Defective tapetum development is often related to the dis-
rupted development of meiocytes and/or pollen and reduced /impaired fertility [17,37,38].
For instance, the formation of the normal microspore cell wall and the fertility level can
be affected by a lack of callose or a temporal shift in its activity. Jin et al. documented
that a lack of callose production could lead to complete male sterility in Glycine max [14].
Early callose degradation was found to be sulfficient for causing male sterility in Nicotiana
tabacum [39].

Many previous studies have shown that heat stress can lead to male sterility in Oryza
sativa L., Solanum melongena L., and Solanum lycopersicumn Lam [40,41]. For example, in
heat-susceptible barely plants, heat stress lasting four days or longer during the early
phase of anther development caused the premature degradation of tapetum cells and PCD,
leading to complete male sterility [42,43]. PCD is crucial for breaking down anther wall
cells, such as in the tapetum and middle layer during pollen grain maturation and anther
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dehiscence [44,45]. After male flower buds of P. canescens were treated at 38 °C for 3 or
6 h, the degradation of the tapetum was delayed. The anther dehisced normally, and
some viable pollen grains were released. However, no sufficient evidence showed that the
delayed degradation of the tapetum was responsible for the production of aborted pollen.

During microgenesis, both the movement of homologous or sister chromosomes and
postmeiotic cytokinesis are closely related to dynamic changes in the organization of micro-
tubules [46,47]. In diploid Populus species, the misorientation of spindle microtubules and
the failure of postmeiotic cytokinesis have been attributed to the formation of unreduced
gametes [6,16,35]. In Arabidopsis (Arabidopsis thaliana), callose and other cell plate compo-
nents are deposited on the division planes by a network of microtubule (MT) arrays. The
production of diploid male gametes in Arabidopsis can be induced by the cold-induced
destabilization of post-meiotic radial microtubule arrays [48].

During cell division, chromosome segregation is considered to be driven by a spindle
consisting of microtubules. Firstly, the microtubules capture and align the chromosomes at
the spindle center. The chromosomes are segregated and moved to the poles of spindles dur-
ing anaphase. The movement of chromosomes is pulled by the shortening of microtubule
bundles which are linked to the chromosomes’ kinetochores [49]. These kinetochore fibers
(K-fibers) combine with a great number of microtubule-associated motor and nonmotor
proteins to align and segregate the chromosomes [50].

A previous study showed that heat stress induced the depolymerization of the meiotic
microtubular cytoskeleton, resulting in the failure of chromosome segregation in Populus.
The microtubular cytoskeleton was able to repolymerize in some heat-treated cells after they
were placed under normal conditions. However, aberrant cytokinesis occurred because of
defects in the new radial microtubule systems, leading to the production of monads, dyads,
triads, and polyads [51]. In our study, high temperature induced the depolymerization
of meiotic microtubular organization and damaged the spindle microtubules, resulting in
homologous chromosome and sister chromosome segregation errors at anaphase I and II.
Some chromosomes were retained in the cytoplasm of microsporocytes because of the lack
of shortening of the microtubule bundles. Therefore, high temperature-induced spindle
destabilization was responsible for aborted pollen production.

5. Conclusions

This study strengthens knowledge of the effects of high temperatures on the develop-
ment of PMCs of Populus during meiosis. The dominant meiotic stage, temperature, and
duration of treatment significantly affected the percentage of high temperature-induced
aborted pollen. Damaged spindle microtubules and depolymerized microtubular cytoskele-
tons were observed, which resulted in many lagging chromosomes at anaphase I and 11, as
well as aneuploid male gametes and micronuclei, forming aborted pollen grains. Tapetum
disintegration was also delayed. The anther dehisced normally, and some viable pollen
grains were released. However, no sufficient evidence showed that the delayed degradation
of the tapetum was responsible for pollen abortion.
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