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Abstract: Paeonia ostii is an important woody oil crop mainly cross-pollinated. However, the low yield
has become an important factor restricting the industrial development of P. ostii. Cross-pollination
has become one of the important measures to increase the seed yield. Therefore, conservation of
pollen with high vitality is crucial to ensure successful pollination of P. ostii. In this study, we found
an effective methodological system to assess the viability, ability to germinate, and optimal storage
conditions of P. ostii pollen grains. The optimal medium in vitro was 50 g/L sucrose, 100 mg/L
boric acid, 50 g/L PEG6000, 100 mg/L potassium nitrate, 300 mg/L calcium nitrate, and 200 mg/L
magnesium sulfate at pH 5.4. Optimal germination condition in vitro was achieved at 25 ◦C for
120 min, allowing easy observation of the germination percentage and length of the pollen tubes. In
addition, the viability of pollen grains was assessed by comparing nine staining methods. Among
them, MTT, TTC, benzidine-H2O2, and FDA were effective to distinguish between viable and non-
viable pollen, and the results of the FDA staining method were similar to the pollen germination
percentage in vitro. After evaluation of pollen storage, thawing and rehydration experiments showed
that thawing at 4 ◦C for 30 min and rehydration at 25 ◦C for 30 min increased the germination
percentage of pollen grains stored at low temperatures. The low-temperature storage experiments
showed that 4 ◦C was suitable for short-term storage of P. ostii pollen grains, while −80 ◦C was
suitable for long-term storage. This is the first report on the in vitro germination, viability tests,
and storage of P. ostii pollen grains, which will provide useful information for P. ostii germplasm
conservation and artificial pollination.

Keywords: Paeonia ostii; optimal medium; pollen viability; unfreezing and rehydration; storage
condition

1. Introduction

Tree peony (Paeonia ostii) is a perennial shrub in the family Paeoniaceae native to
China. As a woody oil crop, it is widely planted in China because its seed oil contains
more unsaturated fatty acids [1,2]. The yield of tree peony seeds is very important for
the development of the oil peony industry [3]. However, tree peony is a kind of cross-
pollination-based plant, and the production of seeds depends on the fertility of pollen,
which depends on the vitality and germination of pollen of effective conservation in its
production [4].

Pollen viability is crucial for cross breeding and artificial pollination. It can be de-
termined by staining and in vitro germination. Many dyes are used to measure viability,
such as methylene blue [5], acetate carmine [6], TTC [7], FDA [8], etc. The staining method
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is widely used in the determination of viability because of its easy operation and short time-
consuming process. However, compared with the staining method, the in vitro germination
method, where the growth of the pollen tube can be observed, is more accurate. Although
performing germination experiments is more complicated, due to its accuracy, more and
more researchers have studied different germination mediums for pollen. Brewbaker
and Kwack’s (BK) medium has been widely used in germination experiments of pollen
grains [9]. The medium contains different concentrations of calcium nitrate, potassium
nitrate, magnesium sulfate, sucrose, and boric acid, among which sucrose and boric acid
were considered necessary for pollen grains. In addition to the above substances, some
culture media will add polyethylene glycol to maintain the osmotic pressure of pollen
grains. Polyethylene glycol (PEG), as a polymer penetrant, has the characteristics of high
viscosity and is relatively close to the physical state of the stigma surface, so it can promote
germination and pollen tube growth [7,10].

Revealing the duration of pollen viability following storage under various condi-
tions holds great importance for breeding programs, genetic preservation, and artifi-
cial pollination [11]. Artificial pollination is an important method for cross breeding
and improving plant yield, and the vitality of pollen affects the success rate of artifi-
cial pollination [12]. At room temperature, due to the influence of temperature and air
moisture, the viability will decrease, which is not conducive to long-term storage of pollen
grains [13]. Under low-temperature conditions, pollen grains can be preserved for a long
time, up to more than one year [14].

In vitro pollen germination, viability assays, and storage are the most commonly used
methods in genetic improvement programs [15]. Each species requires specific germination
medium and pollen viability assay protocols, as well as appropriate storage conditions
to preserve germplasm [16]. Currently, viability assays, storage conditions, and in vitro
germination of tree peony pollen grains have not been systematically studied. In this
study, tree peony pollen grains were used to determine the germination medium, and
the difference between the nine staining methods in the determination of viability was
compared. At the same time, the pollen grains were stored at different temperatures to
optimize the conditions for long-term storage. Our research will play a vital role in breeding
efforts, germplasm conservation, and artificial pollination of tree peony.

2. Results
2.1. Optimization of In Vitro Germination Medium for Pollen
2.1.1. Effects of Individual Components of Medium on Pollen Germination

In the experiment, different concentrations of sucrose (0–200 g/L) were used for ger-
mination tests. Among all tested sucrose concentrations, the germination percentage was
the highest (66.55%) at 50 g/L sucrose concentration. At 200 g/L sucrose, the germination
percentage was the lowest, 18.72% (Figure 1(A1)), which indicated that too high a con-
centration of sucrose would not promote pollen germination. When the medium did not
contain sucrose, the germination percentage was only 24.72%, but the length of the pollen
tube was shorter, only 58.16 µm (Figure 1(A2)).

Boric acid plays an important role in pollen germination and pollen tube growth [17].
Different concentrations of boric acid (0–300 mg/L) were tested in this experiment. Among
all tested boric acid concentrations, 50 mg/L, 80 mg/L, and 100 mg/L boric acid showed
higher germination percentages, which were 45.54%, 57.38%, and 77.54%, respectively
(Figure 1(B1)). Among them, 100 mg/L boric acid was accompanied by the highest ger-
mination percentage. When there was no boric acid in the medium, the germination
percentage was only 4.21%, and the length of the pollen tube was 36.46 µm (Figure 1(B2)).
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Figure 1. Pollen germination percentage (%) and pollen tube length (µm) of Paeonia ostii at different
concentrations of four compositions (A1,A2): sucrose; (B1,B2): boric acid; (C1,C2): PEG6000; (D1,D2):
pH. The letters represent significant differences.
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Polyethylene glycol (PEG) has the effect of increasing osmotic pressure, preventing
pollen from absorbing water and bursting during hydration [18,19]. The different concen-
trations of PEG (0–250 g/L) were tested. In all experiments, 50 g/L, 100 g/L, and 150 g/L
PEG showed higher germination percentages, 56.71%, 65.41%, and 74.03%, respectively.
Among them, 150 g/L PEG was necessary to achieve the highest germination percentage
(Figure 1(C1)). With the increase or decrease of PEG concentration, the germination percent-
age decreased. When the medium did not contain PEG, the germination percentage was
the lowest, 35.15%, and some pollen tubes swelled and burst during the growth process.
When the concentration of PEG in the medium was 250 g/L, the length of the pollen tube
was only 48.08 µm (Figure 1(C2)).

Pollen germination and growth of pollen tube are affected by pH, and acidic medium
is suitable for germination [20]. To optimize the pH for pollen grains, we tested different
values: 5.4, 5.8, 6.2, 7.5, 8.4, 9.6. In all experiments, pH 5.4, 5.8, and 6.2 showed higher
germination percentages, 67.42%, 60.73%, 50.68%, respectively (Figure 1(D1)). When the
pH in the medium was greater than 7, the germination percentage decreased, and even a
lot of pollen grains did not grow pollen tubes (Figure 1(D2)).

The different concentrations of potassium nitrate (0–300 mg/L), calcium nitrate
(0–500 mg/L) and magnesium sulfate (0–500 mg/L) were tested in germination medium.
When the medium lacked potassium nitrate, calcium nitrate, and magnesium sulfate, the
germination percentages were 36.89%, 39.38%, and 36.49%, respectively. The addition of
potassium nitrate, calcium nitrate, and magnesium sulfate to the medium had an effect on
both the germination percentage and the growth of pollen tubes. Higher pollen germination
percentages were observed at 100 mg/L potassium nitrate, 300 mg/L calcium nitrate, and
200 mg/L magnesium sulfate, respectively (Figure S1).

2.1.2. Optimization of In Vitro Germination Medium for Pollen

In previous experiments, it was found that different levels of sucrose, PEG, boric acid,
and pH had significant effects on germination. Therefore, three levels (Table 1) of these four
components were selected to optimize the germination medium, while the concentrations
of calcium nitrate, magnesium sulfate, and potassium nitrate were kept at the optimal levels
300 mg/L, 200 mg/L, and 100 mg/L, respectively. The results of range analysis showed
that the pH value had a significant effect on pollen germination (R = 34.34%), followed by
boric acid (R = 5.72%) and sucrose (R = 4.66%). In addition, PEG6000 (R = 1.51%) had the
least influence in this experiment (Table 2). The germination percentage was different in
the orthogonal assay test strategy, and the germination percentage of pollen grains was
between 46.63–83.36%, and the length of the pollen tube was also different (Figure S2).

As shown in Table 2, the results of orthogonal experiments showed that pollen was
suitable for germination in acidic medium, and compared with other levels (H2 and H3),
the 1st level of pH (H1) had the highest average value of pollen germination percentage
(x1 = 82.91%). Similarly, in comparison to their 2nd (S2 and B2 in Table 2) and 3rd levels
(S3 and B3), the 1st level of sucrose (S1) and PEG6000 (P1) exhibited the highest average
pollen germination percentage (x1 = 71.8% and 71.64%, respectively). Moreover, boric acid
had the highest average value of pollen germination percentage (x3 = 72.6%) at the 3rd
level (B3) compared to their 1st (B1) and 2nd (B2) levels. The different levels for the four
factors also reflect this phenomenon (the K values in the Table 2).

Table 1. The composition of Paeonia ostii pollen grains germination medium by orthogonal assay test
strategy (OATS).

Levels
Sucrose

(S)
(g/L)

Boric Acid
(B)

(mg/L)

PEG6000
(P)

(g/L)

pH
(H)

1 50 50 50 5.4
2 80 80 100 5.8
3 100 100 150 6.2
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Table 2. The analysis of the effect of different media on the pollen grains of Paeonia ostii using an
orthogonal assay test strategy (OATS).

Code

Factors Germination Percentage (%)

Sucrose Boric
Acid PEG6000 pH Treatment Replicate

I
Replicate

II
Replicate

III
Replicate

IV
Replicate

V
Average

S B P H T

1 S1 B1 P1 H1 S1B1P1H1 84.52 84.74 82.83 84.05 82.02 83.63
2 S1 B2 P2 H2 S1B2P2H2 80.11 82.86 80 79 80.95 80.58
3 S1 B3 P3 H3 S1B3P3H3 45 58.57 51.08 50.15 51.19 51.2
4 S2 B1 P2 H3 S2B1P2H3 48.92 48.15 39.33 48.82 47.95 46.63
5 S2 B2 P3 H1 S2B2P3H1 88.24 79.25 85.96 70.39 85.71 81.91
6 S2 B3 P1 H2 S2B3P1H2 80.75 84.74 88.24 82.14 81.18 83.41
7 S3 B1 P3 H2 S3B1P3H2 68.75 75.76 68.33 60 79.03 70.37
8 S3 B2 P1 H3 S3B2P1H3 48.53 47.5 47.89 48.21 47.27 47.88
9 S3 B3 P2 H1 S3B3P2H1 82.93 82.97 85.35 82.36 82.31 83.18

K1 1077.07 1003.2 1074.61 1243.63
K2 1059.77 1051.87 1052.01 1171.84
K3 1007.19 1088.96 1017.41 728.56
x1 71.8 66.88 71.64 82.91
x2 70.65 70.12 70.13 78.12
x3 67.14 72.6 67.83 48.57
R 4.66 5.72 1.51 34.34

Ki represents the sum of the different levels for the ith factor, xi denotes the mean of the different levels for the
ith factor, and R represents the difference in range between the maximum and minimum values. In addition,
three levels of sucrose (S), boric acid (B), PEG6000 (P), pH (H), were shown in Table 1. Bold numbers indicate the
highest values, while bold letters represent the optimal components.

Therefore, the composition of the optimal medium was sucrose, 50 g/L, boric acid,
100 mg/L, PEG6000, 50 g/L, potassium nitrate, 100 mg/L, calcium nitrate, 300 mg/L,
magnesium sulfate, 200 mg/L, pH 5.4. The germination percentage was determined in the
optimal medium, and the average value of six repetitions was 86.36%, which indicated that
the medium was suitable for P. ostii pollen grains.

2.2. Pollen Germination and Pollen Tube Growth In Vitro at Different Temperatures

The medium was placed at different temperatures (15, 20, 25, 30, 35 ◦C) for germi-
nation, and after 30, 60, 90, 120, and 180 min, the germination percentage and pollen
tube length were measured (Tables 3 and 4). The germination percentage of pollen grains
was found to be temperature-dependent, with variations in temperatures significantly
affecting the germination of pollen grains. Among them, low temperature was not suitable
for germination, and the germination percentage was only 16.33% at 15 ◦C for 60 min.
When germinated for 120 min, the germination percentage was 52.22%, which was not
significantly different from that of 180 min. Similarly, high temperature was not suitable for
germination. When the germination temperature was 35 ◦C, the germination percentage
was only 24.22% in 120 min, which was not significantly different from that in 180 min. On
the contrary, the germination percentage reached 85.05% at 25 ◦C for 120 min, which was
not significantly different from that of 180 min (Table 3).

Table 3. The effects of different temperatures on germination percentage (%) of Paeonia ostii pollen
grains (p < 0.05).

Time (min)
Culture Temperature (◦C)

15 20 25 30 35

30 1.7 ± 1.7 d 11.19 ± 0.51 d 13.67 ± 0.51 d 6.33 ± 2.64 c 0 ± 0 d
60 16.33 ± 0.34 c 39.83 ± 1.69 c 37.69 ± 1.92 c 26.67 ± 0.33 b 9.09 ± 0.31 c
90 23.18 ± 0.49 b 58.42 ± 1.16 b 57.82 ± 0.54 b 50.54 ± 0.64 b 14.08 ± 1.01 b
120 52.22 ± 4.19 a 73.67 ± 0.87 a 85.05 ± 0.58 a 66.01 ± 1.83 a 24.23 ± 1.21 a
180 51.04 ± 2.3 a 74.36 ± 1.29 a 84.34 ± 1.33 a 65.31 ± 1.3 a 25.2 ± 0.71 a

The letter shows difference at a significant level in the column.
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Table 4. The effects of different temperatures on pollen tube length (µm) of Paeonia ostii pollen grains
(p < 0.05).

Time (min)
Culture Temperature (◦C)

15 20 25 30 35

30 2.54 ± 1.26 d 46.12 ± 1.33 e 55.69 ± 1.25 e 67.74 ± 2.03 e 0 ± 0 e
60 41.73 ± 0.34 c 88.38 ± 1.91 d 100.57 ± 2.71 d 107.36 ± 2.35 d 39.11 ± 0.89 d
90 96.82 ± 2.22 b 123.01 ± 2.31 c 149.16 ± 2.63 c 145.16 ± 3.02 c 79.79 ± 2.89 c
120 135.73 ± 4.57 a 156.14 ± 4.21 b 245.06 ± 5.86 b 251.51 ± 7.71 b 123.67 ± 3.09 b
180 248.24 ± 7.5 a 284.63 ± 11.87 a 390.76 ± 5.63 a 331.52 ± 1.26 a 177.47 ± 7.47 a

The letter shows difference at a significant level in the column.

Pollen grains germination is accompanied by elongation of the pollen tube. In addition
to counting the germination percentage, the pollen tube lengths at different temperatures
were also measured. Different temperatures affected the length of pollen tubes. The length
of the pollen tube reached 390.76 µm at 25 ◦C for 180 min, but the length of the pollen
tube was too long, which was not conducive to the statistics of the germination percentage
(Table 4). The length of the pollen tube reached 245.06 µm at 25 ◦C for 120 min. On the
contrary, at the same germination time, the length of the pollen tube at 15 ◦C and 35 ◦C
was 135.73 and 123.66 µm, respectively, which were significantly lower than those at 20 ◦C,
25 ◦C, and 30 ◦C. By comparing the germination percentage and pollen tube length, it was
found that culturing at 25 ◦C for 120 min was suitable for P. ostii pollen grains.

2.3. Comparison of Pollen Vitality Staining Methods

It was determined that the four staining methods MTT, TTC, benzidine-H2O2, FDA
could identify viable and non-viable pollen. For MTT staining, viable pollen was stained red
(Figure 2). In addition, for the TTC staining, the viable pollen was stained red (Figure 2C),
while for the benzidine-H2O2 staining, the viable pollen was stained purple (Figure 2E).
For the FDA staining, the viable pollen was stained green under a fluorescence microscope
(Figure 2I).

The single linear regression analysis was performed on the results of the staining
method and the results of the pollen germination in vitro. The correlation analysis be-
tween the FDA staining method and the pollen germination in vitro showed a high value
(R2 = 0.705, p < 0.001; Figure S3). In contrast, MTT staining method showed a low corre-
lation with germination in vitro (R2 = 0.239, p = 0.064; Figure S3). Although the above
methods could distinguish viable and non-viable pollen, the FDA staining method proved
to be more suitable for assessing the viability of P. ostii pollen, in comparison to the other
three staining methods.

The FDA staining method is widely used in the determination of pollen viability [21].
Fluorescein diacetate (FDA) is a fluorescent dye that can enter living cells through the cell
membrane and can be degraded by esterase to produce yellow-green fluorescent substances.

However, acetic carmine, methylene blue, peroxide, and I2-KI could not distinguish
viable pollen and non-viable pollen (Figure 2B,D,F,G). In addition, when pollen grains were
treated with inorganic acids, no pollen tubes could be observed (Figure 2H).

2.4. Thawing and Rehydration of Pollen Germination after Cryopreservation

Low temperature is helpful for long-term storage of pollen grains [22]. In addition,
thawing and rehydration are important steps to improve germination in vitro, especially
for pollen grains stored at low temperature. The samples frozen at −80 ◦C for one month
were thawed at 4 ◦C for 0, 30, 60, and 90 min. The results showed that the germination
percentage significantly increased with the extension of thawing time without rehydration
(Table 5). Rehydration after thawing could significantly increase the germination percentage
compared with no hydration. At the same hydration time, the germination percentage of
pollen grains after thawing for 30 min was 77.18%, which was not significantly different
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from that of thawing for 60 and 90 min. Our findings suggest that rehydration after thawing
has a positive effect on the germination. Through comparative analysis, we found that the
pollen stored at −80 ◦C was thawed at 4 ◦C for 30 min and rehydrated at 25 ◦C for 30 min,
which was suitable for germination after low-temperature storage.
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Figure 2. Comparison of the nine staining methods of Paeonia ostii pollen grains. (A) MTT staining
method; (B) Acetic carmine staining method; (C) TTC staining method; (D) I2-KI staining method;
(E) Benzidine-H2O2 staining method; (F) Peroxide staining method; (G) Methylene blue staining
method; (H) Inorganic acid staining method, and (I) FDA staining method. Grey arrows indicate
non-viable pollen; red arrows indicate viable pollen.

Table 5. The effect of different unfreezing and rehydration times on pollen grains of Paeonia ostii
(p < 0.05).

Unfreezing Time at 4 ◦C
(min)

Rehydration Time at 25 ◦C
(min) Germination Percentage (%)

0 0 58.15 ± 0.4 c
30 0 58.94 ± 1.51 c
60 0 65.68 ± 0.89 b
90 0 66.94 ± 0.92 b
30 30 77.18 ± 0.86 a
60 30 77.25 ± 0.38 a
90 30 74.34 ± 0.86 a
30 60 76.68 ± 0.66 a
60 60 76.97 ± 0.47 a
90 60 77.76 ± 0.82 a

The letter shows difference at a significant level in the column.
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2.5. Pollen Viability after Preservation at Different Temperature

The germination percentage was analyzed in vitro, after different preservation tem-
peratures (25, 4, −20, and −80 ◦C). The results showed that the germination percentage
was only 45.64% after pollen storage at 25 ◦C for 60 days (Figure 3). With the increase
of time, the viability of pollen grains at 25 ◦C gradually decreased. After having been
stored at 25 ◦C for 180 days, the pollen grains would no longer germinate. Compared with
fresh pollen grains, when they were stored at 4 ◦C for 60 days, the germination percentage
decreased to 73.57%. Similarly, the germination percentage decreased rapidly to 13.5% at
4 ◦C for 300 days. Compared with other storage conditions, the germination percentage
of pollen grains stored at −20 and −80 ◦C for 60 days was higher, 76.99% and 73.63%, re-
spectively. Even when stored at −20 and −80 ◦C for 300 days, the germination percentage
still reached 55.7% and 66.11%, respectively. Therefore, it was found that 4 ◦C was suitable
for short-term storage of pollen grains, while −80 ◦C was suitable for long-term storage of
pollen grains.
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3. Discussion

Flowering plants produce seeds through double fertilization, which is a unique method
of sexual reproduction among living organisms [23]. The normal development of pollen
as the male gametophyte is crucial for successful fertilization during reproduction [24].
Previous studies showed that the pollen source and vitality could affect the seed setting
rate [25] and the nutritional content of the seeds in cross-pollination [1,3]. In production,
the flowering period of P. ostii is inconsistent, and understanding the pollen viability of P.
ostii in vitro is important for improving the breeding efficiency through hybridization. It
is well known that germination in vitro is one of the most effective ways to detect pollen
viability in plants [26]. Among them, BK medium has been successfully used in pollen of
some ornamental and forestry agricultural species. However, the germination percentage
was different in BK medium [27,28]. Plants require specialized pollen germination media,
suggesting that different components in the media can affect germination in vitro [29–31].
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In pollen germination assays, sucrose is commonly used as an energy source for
pollen, stimulating their germination and pollen tube growth [32]. In addition to sucrose,
boron (B) is an essential trace element for plant species, and boron deficiency can inhibit
pollen grains germination and lead to delayed growth of pollen tubes [33,34]. Boric acid
is also an important substance for germination in vitro, and a low concentration of boric
acid promotes germination and pollen tube elongation. Polyethylene glycol (PEG), an
osmotic regulator not metabolized in pollen, is thought to regulate plasma membrane
permeability [35]. The addition of PEG to the germination medium increases germination
percentage and pollen tube elongation by preventing pollen tube bursting [36]. In this study,
we found that sucrose, boric acid, and PEG had effects on the germination of P. ostii pollen
grains, and the best combination was: 50 g/L sucrose, 100 mg/L boric acid, 50 g/L PEG.

In addition to these factors, the pH of the medium and the temperature are important
factors affecting the germination percentage and the growth of pollen tubes [37]. In
Hydrangea macrophylla, the optimum pH of the germination medium was 5.5–6.0 [38]. In
the study, it was also found that the P. ostii pollen grains were easily affected by the pH and
had a higher germination percentage under acidic conditions (pH = 5.4).

Furthermore, temperature is also an important regulator in germination medium. The
sexual reproduction of plants is more sensitive to temperature than the vegetative process;
high and low temperatures will affect the reproductive organs of plants [39]. The optimum
germination temperature of hazelnut pollen was 20–25 ◦C [40]. On the other hand, low
and high temperatures caused the accumulation of callose in pollen tubes to affect pollen
germination and elongation, which was reported in other plant species [39]. Therefore, the
germination of pollen grains requires a suitable temperature. In this experiment, it was
found that the germination percentage of P. ostii pollen grains reached 85.05% when they
were germinated at 25 ◦C for 120 min.

Various staining methods are also used to assess pollen viability [41]. These methods
are characterized by intuitiveness and rapidity, and depend mainly on cell integrity, enzyme
activity, and nutritional components [35]. Pollen viability of different plants can be assessed
with specific staining methods [42]. Currently, there are very limited comparisons of
staining methods for pollen, especially in the assessment of P. ostii pollen. Therefore,
in this study, nine staining methods (MTT, acetic carmine, TTC, I2-KI, benzidine-H2O2,
peroxide, methylene blue, inorganic acid, and FDA) were used to assess pollen viability
of this species. MTT, TTC, benzidine-H2O2, and FDA could distinguish between viable
and non-viable pollen. MTT, TTC, and benzidine-H2O2 staining methods are based on
the activity of enzymes in pollen. Among them, benzidine-H2O2 stained viable pollen
of P. ostii in a short period of time (5 min), which is mainly based on the peroxidase
activity in pollen [43]. MTT and TTC staining methods are used to assess pollen viability
according to the activity of dehydrogenase and reductase, respectively [44]. However, the
FDA staining method assessed the viability of pollen by the intact plasma membrane and
enzyme activity. Compared with other methods, the FDA staining method is widely used
in the determination of pollen viability, due to its accuracy [14]. In this study, the results of
the FDA staining method were more accurate compared with pollen germination in vitro,
which indicated that FDA was suitable for measuring viability of P. ostii pollen grains.

Thawing and rehydration are important steps to increase the germination percentage
of pollen in vitro, especially for low-temperature storage [45]. Low-temperature storage,
which delays metabolism and physiological processes, is one of the long-term, effective,
and safe pollen storage methods [46]. Therefore, prolonging pollen longevity and storing
pollen in a suitable way are very important for the preservation of germplasm resources. In
this study, it was found that the pollen grains stored at 25 ◦C lost their vitality and could
not germinate after 120 days, and the germination percentage of pollen grains stored at
4 ◦C was reduced to half after 120 days. This result indicated that 4 ◦C was suitable only
for short-term storage of pollen. On the other hand, the germination percentage of pollen
grains stored at −20 ◦C and −80 ◦C for 300 days was 55.71% and 66.11%, respectively.
This result indicated that −20 ◦C or −80 ◦C were suitable for long-term preservation of
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pollen grains. In the experiment, the germination percentage (58.15%) was lower after
low-temperature storage without thawing and rehydration. When the pollen grains stored
at low temperature were thawed for 30 min and rehydrated for 30 min, the germination per-
centage was 77.28%. Our study showed that germination percentage after low-temperature
storage was enhanced by thawing and rehydration.

4. Materials and Methods
4.1. Plant Material and Pollen Grain Collection

Tree peony (P. ostii) was cultivated at Northwest A&F University (Yangling, Shaanxi,
China). The stamens of P. ostii were collected before blooming on 9 April 2022. In order to
collect pollen grains, the stamens were placed in a sulfuric acid paper and placed at 25 ◦C
for 48 h, and the cracked stamens were passed through a 100-mesh sieve to collect pollen.
After the pollen grains were dried in the shade at 25 ◦C for 2 h, they were put into a 2 mL
cryopreservation tube.

4.2. Pollen Germination Medium

The germination medium was optimized using the pollen grains of P. ostii, referring to
the method of BK medium and making appropriate modifications. In this study, one factor
was changed while the other factors were kept constant at a time (single-factor experiment
method) to investigate the effects of different substance concentrations in the medium
(Tables 6 and S1–S7). The pH of the medium was adjusted with 1 N NaOH/1 N HCl [9].
Based on single-factor experiment method, four factors (sucrose, boric acid, PEG, pH)
were selected, which have a greater impact on pollen grains, and the optimal combination
of germination medium was screened using an orthogonal assay test strategy (OATS).
The Petri dishes were cultured in a 25 ◦C incubator for 2 h, and five Petri dishes were
prepared for each combination. The Olympus BX-53 microscope was used for pollen grains
observation (no less than 100 pollen grains) and calculation of germination percentage. The
pollen grains were considered germinated when the pollen tube length was twice the pollen
grain diameter. The OATS is represented by the formula LN(VK), where N represents the
number of combinations, V represents the maximum number of values that can be taken on
any single-factor (levels), and K represents the number of factors tested. In general, a total
of 9 combinations (3 levels with 5 replicates) including 4 germination medium components
(L9(34)) were used for orthogonal data analysis in this experiment (Table 2).

Table 6. The composition of Paeonia ostii pollen grains germination medium by single-factor
experiment.

Levels Sucrose (S)
(g/L)

Boric Acid
(B) (mg/L)

Calcium
Nitrate (Ca)

(mg/L)

Magnesium
Sulfate

(Mg)
(mg/L)

Potassium
Nitrate

(K) (mg/L)

PEG6000 (P)
(g/L)

pH
(H)

1 200 300 500 500 300 250 5.4
2 150 200 400 400 200 200 5.8
3 100 100 300 300 100 150 6.2
4 80 80 200 200 80 100 7.5
5 50 50 100 100 50 50 8.4
6 0 0 0 0 0 0 9.6

4.3. Pollen Germination Temperature

Once the optimal germination medium was identified, pollen grains were plated on
the medium at five temperatures (15, 20, 25, 30, and 35 ◦C) and 85% humidity, and each
treatment was replicated three times. For each treatment, the Petri dishes were observed
for germination at 30, 60, 90, 120, and 180 min while not less than 100 pollen grains were
observed. The pollen tube lengths were measured at different culture times under each
temperature condition for 50 pollen tubes.
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4.4. Pollen Staining

Nine different staining methods were used for P.ostii pollen grains. First, the staining
method was performed according to its reference (Table 7). Second, the pollen grains were
placed in the staining solution and stained at different temperatures for 2–30 min. Finally,
30 µL of the mixed solution of pollen grains and staining solution was placed on a glass
slide, and a cover glass was attached for observation with an Olympus BX-53 microscope.
There were three replicates for each method and five slides per accession.

Table 7. Methods of staining solution and staining condition.

Method Staining Solution
Staining Conditions

Time (min) Temperature (◦C)

Acetic carmine 1% Acetic carmine [47] 5 25
Benzidine-H2O2 0.5% benzidine and 0.3% H2O2 [48] 5 25

I2-KI 0.5% I2-KI [49] 5 25
Inorganic acid 14.4% H2SO4 [50] 5 25

Methylene blue 1% methylene blue [5] 2 25

MTT 0.3% MTT: 0.3 g MTT dissolved in 100 mL
PBS [9] 30 35

Peroxide

A solution: 0.2 g of benzidine was dissolved in
100 mL of 50% alcohol, 0.15 g of naphthol was
dissolved in 100 mL of 50% alcohol, 0.25 g of
sodium carbonate was dissolved in 100 mL of

distilled water, and a mixed solution was
prepared in equal amountsB solution: 0.3%

H2O2 Take solution A and solution B in equal
volumes during the test [51]

30 35

TTC 0.5% TTC: 0.5 g TTC dissolved in 100 mL 95%
alcohol [52] 30 35

Fluorescein diacetate (FDA) FDA solution: 25 µg FDA dissolved in 1 mL
acetone [8] 20 25

4.5. Thawing and Rehydration of Pollen after Cryopreservation and In Vitro Germination

The pollen grains stored at −80 ◦C for 30 days were taken out and placed at 4 ◦C for 0,
30, 60, and 90 min to thaw, then placed in a water bath at 25 ◦C for rehydration for 0, 30,
and 60 min. The hydrated pollen grains were placed in the medium, cultured at 25 ◦C for
2 h, and then the pollen grains were observed under an Olympus BX-53 microscope.

4.6. Pollen Storage Conditions

The pollen grains were stored at four different temperatures (25, 4, −20, −80 ◦C) for
300 days. The pollen grains were taken out at 30, 60, 90, 120, 180, and 300 days, respectively,
thawed at 4 ◦C for 30 min, and hydrated in a water bath at 25 ◦C for 30 min. In order
to ensure the consistency of the experiment, the pollen grains stored at 25 ◦C, 4 ◦C, and
−20 ◦C were also subjected to the above process. Afterwards, the pollen grains were placed
in the germination medium, germinated at 25 ◦C for 2 h, and the germination percentage
was calculated.

4.7. Statistical Analysis

Data analyses were analyzed with SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, USA).
The data were analyzed by calculating means ± SD. To assess the normality and homogene-
ity of the datasets, Shapiro–Wilk’s test and Levene’s test were employed, respectively. A
one-way ANOVA was conducted followed by Tukey’s test and different letters were used to
indicate significant differences by Tukey’s test (p < 0.05). The OATS was used to determine
the factors and levels for the composition of pollen germination media. Furthermore, a
single linear regression analysis was performed to quantify the relationships between the
pollen viability estimates obtained through staining and the in vitro pollen germination
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percentages achieved using the optimal media compositions. The pollen germination
percentage (%) and pollen tube length (µm) were counted using ImageJ 1.46r software. The
ggplot2/R package was used for visualization [53].

5. Conclusions

The germination of the P. ostii pollen grain are affected by sucrose, PEG, pH, and
boric acid. In this study, the optimal medium containing 50 g/L sucrose, 100 mg/L
boric acid, 50 g/L PEG, 100 mg/L potassium nitrate, 300 mg/L calcium nitrate, and
200 mg/L magnesium sulfate at pH 5.4 was suggested for the germination of P. ostii pollen
grains in vitro. By comparing the germination temperature and time, it was found that
germination at 25 ◦C for 2 h was the suitable condition for P. ostii pollen grains. Among the
nine viability staining methods (MTT, acetic carmine, TTC, I2-KI, benzidine-H2O2, peroxide,
methylene blue, inorganic acid, and FDA), MTT, TTC, benzidine-H2O2, and FDA were able
to distinguish viable pollen from non-viable pollen. The result of the FDA staining method
was similar to the germination percentage in vitro, which was used for P. ostii pollen grains.
In addition, this study found that thawing pollen stored at low temperature for 30 min at
4 ◦C and rehydrating for 30 min at 25 ◦C increased the germination percentage of P. ostii
pollen grains in vitro. A subsequent study showed that P. ostii pollen grains were suitable
for short-term storage at 4 ◦C, and long-term storage at −80 ◦C facilitated pollination in
the next growing season.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12132460/s1, Figure S1: The effects of different concentrations
of calcium nitrate, magnesium sulfate, and potassium nitrate on pollen germination percentage and
pollen tube length of Paeonia ostii; Figure S2: The pollen tube growth and pollen germination of
Paeonia ostii using an orthogonal assay test strategy; Figure S3: The single linear regression of in vitro
germinated pollen (%) relative to stained pollen (%); Tables S1–S7: Concentration of each component
in single-factor experiment.
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