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for in vitro germination and
storage conditions of Exochorda
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Pollen morphology, pollen vigor, and long-term pollen storage are critical for
plant cross-breeding and genetic improvement of Exochorda racemosa. We
developed a protocol for viability determination and storage of E. racemosa
pollen for breeding new varieties. The medium components for E. racemosa
pollen germination was optimized by using an Orthogonal Assay Test Strategy
(OATS). The germination rates of E. racemosa pollen were investigated after
storing at different temperatures and different storage periods. The size of E.
racemosa pollen was medium with three germination ditches, and the
sculptural type of pollen was striate. Red ink and 2,3,5-triphenyl tetrazolium
chloride (TTC) can effectively distinguish viable pollen from the unviable pollen
of E. racemosa. The most suitable medium (CK2) for E. racemosa was
composed of 150 g- L™ sucrose, 100 mg-L™* boric acid, 150 mg- L™ Ca(NOs)
> and 50 mg- L™t GAs. Low-temperature stress produced the greater inhibition
of pollen tube growth compared with high-temperature conditions. The CK2
medium at pH 6.5 resulted in the highest pollen germination rate and most
extended pollen tube length. The optimal temperature for storage of dried
pollen was —80°C (P < 0.01), and the germination rate was 53.60% after storage
for 390 days. Thawing in a 35°C water bath produced the best viability of
E. racemosa pollen after storage at —20°C and —80°C. The short-term storage
of E. racemosa fresh pollen at 4°C was better than that at —20°C and -80°C
(P < 0.01). It is possible to evaluate pollen quality and store pollen grains for
E. racemosa by the parameters defined in this study.
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Introduction

Exochorda racemosa (Lindl.) Rehder (Rosaceae) isa 2 to 5 m
tall tree species native to China. E. racemosa, E. serratifolia and
E. giraldii are also named pearlbush because their inflorescence
resembles a string of pearls (Schneider, 2012; Kim et al., 2014;
Song et al., 2016; Zhang et al., 2018). E. racemosa has white
blooms with fan-shaped petals in spring, and its fruits are golden
yellow, five-sided capsules (Zhang et al., 2011; Palancean et al,,
2015; Zhang et al,, 2018). The flowers and tender leaves of E.
racemosa are used as a high-quality food (Zhang et al., 2018). In
addition to having high ornamental, food and medicinal value,
E. racemosa is also resistant to heat, cold and drought.

Hybridization is an important means of plant speciation
(Soltis and Soltis, 2009; Goulet et al., 2017), and it also
contributes to increasing intraspecific genetic diversity and the
transfer of genetic adaptations (Abdullah Yousuf Akhond et al,
20005 Soltis and Soltis, 2009). Each of the 6-20 key species in the
genus Rosa contributes a specific trait to modern rose cultivars
through hybridization. For example, Rosa gallica and other
robust polyploid species lend the trait of cold hardiness, and
Rosa chinensis brings recurrent blooming (Bendahmane et al,
2013). E. racemosa is a relatively common garden plant with
high ornamental value, but is susceptible to powdery mildew
(Zhang et al.,, 2018). Therefore, it is urgent to genetically improve
the powdery mildew resistance of E. racemosa through
hybridization. However, studies on pollen viability, fertilization
ability and storage are very important for hybrid breeding
programs, as pollen quality is a key factor in seed set (Wood,
2017; Kaur and Singhal, 2019). Pollen viability, especially the
staining rate obtained by the pollen staining method, is not
always correlated to the germination rate because pollen may
retain metabolic capacity but lose germination ability (Wang
et al, 2021). Therefore, the best method to evaluate pollen
viability may be a combination of staining and germination
test. A germination test is an effective and convenient method to
study the applied aspects of pollen biology (Atlagic et al., 2012;
Jia et al, 2015; Alexander, 2019). The pollen germination is
highly sensitive to not only media components including
calcium (Wood, 2017; Sorkheh et al., 2018), boron ions
(Shekari et al., 2016; Gokbayrak and Engin, 2017) and sugar
(Jia et al,, 2020; Jia et al., 2021), but also environmental factors
such as temperature (Memmott et al., 2007; Milatovic et al,
2015; dos Santos Ferreira et al,, 2021) and humidity (Iovane
etal., 2021). The pH of the in vitro germination medium can also
affect pollen germination and pollen tube growth in many plants
(Therios et al., 1985; Burke et al., 2004; Mbogning et al., 2007).

Efficient pollen storage is important for artificial pollination,
hybrid breeding and dealing with asynchronous flowering
(Mesnoua et al., 2018a; Jia et al., 2021). The natural longevity
of fresh pollen is typically only 5-15 days, which does not meet
the needs of most hybridization procedures. Improving pollen
storage methods can help prolong the lifespan of pollen and
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solve the problem of hybridizing plants with asynchronous
flowering (Jia et al., 2020).

Previous research on E. racemosa has mainly focused on
medicinal value, edible value and tissue culture (Yang and
Kamp-Glass, 2000; Lee et al., 2006; Zhang et al., 2011; Zhang
et al, 2018). Pollen quality is an important component of
pollination biology and is significant in the selection of
pollinating species and the identification of pollen pistils and
fertilization (Liu et al., 2020). There is little information available
on E. racemosa pollen quality and its determination. Although
reference can be made to the pollen viability of other plant
species, appropriate methods for measuring pollen viability for
E. racemosa must be developed according to its specific
pollen characteristics.

Protocols for determining E. racemosa pollen viability need to
be optimized to perform controlled pollination and evaluate
intra- and inter-cultivar incompatibility. Protocols are also
needed to arrange the pollinating plants (varieties) for the main
cultivars in orchards, as well as for clonal selection and genetic
breeding trials. Our goal was to determine the optimal media for
E. racemosa pollen germination and optimal conditions for pollen
storage of E. racemosa. The objectives of this study were therefore
to: (1) determine the optimal culture medium condition for in
vitro pollen germination; (2) analyze the relationship between
pollen viability estimates obtained through staining and estimates
obtained from germination; and (3) determine the best in vitro
conditions for pollen storage. The results of this study provide
technical support for artificial pollination breeding and
pollination tree configurations.

Materials and methods
Pollen collection

The flower buds of 8-10 years old E. racemosa at the pearl
stage were collected from the Grand Canyon of Taihang
Mountains in Northern China, and brought back to the
laboratory. The anthers were isolated from the flower buds
with tweezers and put in Petri dishes, which were later placed
in a climatic chamber at 25°C to release pollen grains. After 36h,
the fresh pollen grains released from anthers were filtered to
eliminate waste using a metal mesh with 50 um® openings.
Subsequently, the fresh pollen grains were collected and divided
into two parts: one part was used to determine the pollen
germination rate, tube length and morphology, and another
for preservation.

SEM observation on pollen morphology

The pollen grains were dehydrated in an air dry oven at 45°C
for six hours, and then spread on the sample stage with black
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double-sided cellophane tape and coated with gold by a sputter
coater. The digital micrographs were taken by a SEM (FEI
Quanta 200 scanning electron microscope) to analyze the
shape and sculpture of pollen grains. The photos of pollen
grains were taken at 500-3500 times magnification, and the
polar and equatorial diameters of 30 randomly selected pollen
grains were measured. The description of pollen morphology
was mainly based on the glossaries described by Punt et al.
(2007) and Halbritter et al. (2018).

Optimization of culture medium for in
vitro pollen germination

An orthogonal experimental design (Lo[3]*) was used to
optimize the germination medium for E. racemosa pollen
compared with a pure water culture medium (Table 1, CK1).
The number ‘4’ indicates four factors ([1] sucrose, [2] H3BOs3,
[3] GA; and [4] Ca(NO3),), 3’ means three levels ([1] sucrose
(120, 150, and 180 g- L"), [2] H3BO; (80, 100, and 120 mg- L),
[3] GA; (50, 75, and 100 mg: L) and [4] Ca(NOs), (50, 100,
and 150 mg- L™)), and ‘9’ means nine treatments (Table 1, M,-
My). All components of the medium for each treatment were
dissolved in distilled water to prepare a liquid medium. Fresh
pollen grains (150-200) were placed in a drop of liquid medium
(50 UL) on a coverslip which was then inverted over the concave
of a concave glass slide, and the slide was placed in Petri dishes
covered with absorbent cotton soaked with water (hanging drop
technique) (Addicott, 1943). The Petri dishes were incubated at
24°C in a humidity chamber under dark conditions. The
germinated pollen grains were counted under a fluorescence
microscope (BX53, Olympus, Japan) (10x magnification) after

10.3389/fpls.2022.994214

5h of incubation. The pollen germination rate was determined
by counting the number of germinating pollen grains of three
slides (two concaves per slide). A pollen grain was considered
germinated if the length of the pollen tube was longer than the
diameter of the pollen grain (Jia et al, 2020). The pollen
germination rate was calculated based on the formula:
germination rate = (germinated pollen/total number of pollen
grains) x 100.

Pollen staining

Pollen viability was determined by seven staining methods,
including red ink (Brilliant crocein + Acid red 87) (Chen et al,
2010), carmine acetate (Mazzeo et al., 2014), TTC (2,3,5-
triphenyl tetrazolium chloride) (Luo et al, 2020), MTT (2,5-
diphenyl monotetrazolium bromide) (Rodriguez-Riano and
Dafni, 2000), I,-KI (iodine + potassium iodide) (Du et al,
2019), Alexander’s stain (Alexander, 1969) and fluorescein
diacetate (Dafni, 1992) (Table 2). Seven staining solutions
were prepared according to Table 2. Two drops of staining
solution were put on a glass slide and pollen samples were
sprinkled on the drop with a slim brush. Then, the drop was
carefully covered by a coverslip without trapping air after
staining for 5-20 min (Table 2) under dark conditions. Viable
pollen grains were counted under a fluorescence microscope
(BX53, Olympus, Japan) (10x magnification). The deeply
stained (Table 2) and normal pollen grains for each staining
method were considered to be viable, whereas shriveled, lightly
stained or colorless pollen grains were counted as non-viable.
For each staining method, the pollen viability rate was
determined using three glass slides (at least 200 grains per slide).

TABLE 1 Germination media of E. racemosa pollen grains in an orthogonal design assay.

Treatment Sucrose (g-L’l) Boric acid (mg-L’l)
M, 120 80
M, 120 100
M, 120 120
M, 150 80
M; 150 100
Ms 150 120
M, 180 80
Mg 180 100
M, 180 120
CK1 0 0
K1 60.50 B 60.71 B
K2 70.81 A 67.58 A
K3 5729 C 6031 B
R 12.17 6.55

Ca(NO3)2(mg-L’1) GA3(mg-L’1) Germination rate (%)
50 50 61.54 + 1.65 C
100 75 65.18 + 1.05 B
150 100 54.05 + 1.50 DE
100 100 67.05 + 1.02 B
150 50 80.18 + 2.52 A
50 75 6520 + 1.01 B
150 75 5354 + 1.10 E
50 100 56.66 + 1.08 D
100 50 61.68 + 2.14 C

0 0 15.68 + 1.68 F
61.13 B 67.15 A
64.88 A 61.55 B
62.59 B 59.25 B
3.38 7.70

Data shown are the mean + SD. Different capital letters indicate significant differences at the 0.01 level. K1, K2, and K3 indicate the average pollen germination rate of E. racemosa at three

levels of each factor; R represents the extreme difference at the level of the same factor.
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TABLE 2 Method to assess pollen viability.

10.3389/fpls.2022.994214

Staining method Preparation of staining solution Staining  Viable color
time (min) or response

Red ink 1% red ink (Hero) 5 Red
Carmine acetate 1% carmine acetate: 1.0 g carmine acetate (Sigma) dissolved in 100 mL distilled water 5 Red
TTC 0.5% TTC: 0.5 g TTC (Sigma) dissolved in 100 mL 95% alcohol 20 Red
MTT 0.3% MTT: 0.3 g MTT (Sigma) dissolved in 100 mL PBS 20 Violet-purple
1,-KI 0.5% I,-KI (Macklin): 80 g potassium iodide KI and 10 g iodine I dissolved in 100 mL distilled water 20 Blue
Alexander’s stain 10 mL 95% ethanol, 1 mL of 1% solution malachite green in 95% ethanol, 25 mL glycerol, 5 mL of 5 Dark purple

1% acid Fuchsin in water, 0.5 mL of 1% solution Orange G in water, 4 mL glacial acetic acid, and

distilled water to a total of 100 mL (Macklin)
Fluorescein diacetate (FDA) 2 ml 20% saccharose in water with several drops of stock solution of FDA (2 mg FDA/1 ml acetone) 5 Green

(Macklin)

Optimization of pH and temperature for
in vitro pollen germination and pollen
tube growth

The components of the control liquid medium (CK2) were
150 g- L™! sucrose, 100 mg- L™ boric acid, 150 mg- L' Ca(NO3),
and 50 mg: L! GA;. We adjusted only the pH of CK2 (4.5, 5.0, 5.5,
6.0, 6.5, 7.0, 7.5, and 8.0) to investigate the effect of pH on in vitro
fresh pollen germination and pollen tube elongation. Temperature
experiments were carried out in the same way with temperature
gradients of 10°C, 20°C, 25°C, 30°C and 35°C. After 24 h of
incubation under dark conditions, the pollen germination rate was
calculated as stated before. The pollen tube length was measured
using a fluorescence microscope (BX53, Olympus, Japan) with the
help of Olympus cellSens standard software (Olympus, Japan).
Each treatment for pH or temperature experiment contained three
replicates. The germination rate and pollen tube length were based
on at least 100 pollen grains per replicate.

Long-term pollen storage

The fresh pollen grains were dehydrated in a drying box at
30°C for 12 h. Pollen grains with an 8-9% water content were
categorized as dried pollen. The dried pollen grains and fresh
pollen grains (water content of 16-19%) were divided into four
parts, and these were stored at 25°C (room temperature), 4°C,
—20°C and —-80°C. The water content of 0.2 g of pollen grains
was determined at 105°C by drying to a constant weight, and the
percentage water content of the pollen was calculated (Barnabas
and Rajki, 1976). Pollen samples were immersed in liquid
nitrogen before storage at —20°C and —80°C. Thirty centrifuge
tubes with 0.2 g of pollen grains were placed at each temperature.
One centrifuge tube was removed from each storage temperature
for pollen germination assays after 5, 10, 30, 50, 70, 90, 120, 180,
270 and 390 days of storage. Stored pollen grains at —20
and -80°C were thawed in a 35°C water bath for 4 min.
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All of the stored pollen grains were cultured in a liquid
medium consisting of sucrose (150 g-L™'), boric acid
(100 mg-Lfl), Ca(NOs3), (150 mg-Lfl) and GA; (50 mg-Lfl) by
the hanging drop technique in an incubator. The conditions
were 25 + 1°C and 50% relative humidity (RH). After 5 h, the
pollen germination rate was assessed using a fluorescence
microscope (BX53, Olympus, Japan). The design of the
germination experiment was completely randomized with
three replications (three slides) per storage temperature for
each storage time. The germination rates were measured by
counting 200 pollen grains for each replication.

Thawing treatments

Dried pollen grains stored at —20°C and —80°C for 120 days
were used as experimental materials to perform four thawing
tests, which were 35°C water bath for rapid thawing (4 min), 4°C
in a refrigerator for slow thawing (30 min), running tap water
(18°C) (30 min), and 25°C for room temperature thawing
(30 min), respectively. The pollen germination percentage and
tube length were determined after thawing. For each thawing
treatment, the experiment was repeated at least three times with
three biological replications.

Statistical analysis

Data concerning pollen viability, germination and pollen
tube length are average values of at least three replicates. All data
were statistically analyzed by using SPSS 19.0. the data from
experiments were expressed as mean values *+ standard
deviation. Orthogonal analysis of variance was carried out to
determine the significance (P < 0.01) of the main effects (sucrose,
H3BO;, GA; and Ca(NOs),) on pollen germination, means
grouping was with Duncan’s test (p < 0.01). Data of different
temperature, pH and storage time was subjected to one-way
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analysis of variance (ANOVA). Differences between samples
were determined by Fisher’s least significant difference (LSD)
test (P < 0.01). Moreover, the correlation between pollen viability
by staining method and germination rates was statistically
evaluated by Pearson’s correlation coefficient (r) at a P values
of 0.01. All of the figures were drawn using SigmaPlot
14.0 software.

Results
Pollen morphological characteristics

The shape and sculpture of pollen are useful characteristics
for the identification of species and the determination of
interspecific relationships in Exochorda spp. The average
length of pollen grains of E. racemosa was 32.50 + 3.67 um,
and the average width of the equatorial diameter was 15.60 +
1.85 um. The ratio of the length of the polar axis (P) to the
equatorial diameter (E) in E. racemosa pollen was =2, so the
shape of E. racemosa pollen was spheroidal, and the pollen size
was medium. The pollen grains had three zonicolpate apertures,
each with a width of approximately 3 um from polar view, which
dehisced from one pole to the other along the longitudinal axis
(Figures 1A-C). The pollen had striate sculpturing (Figure 1D).

10.3389/fpls.2022.994214

Malformed and underdeveloped pollen accounted for 16.56% of
the total pollen grains.

Optimization of pollen germination
medium for E. racemosa

Sucrose concentration had a significant effect on pollen
germination in vitro (P < 0.01), and there was an interaction
between factors. Sucrose had the most significant effect (R =
12.17) on pollen germination, with an average range of 57.29-
78.81%. The medium with 150 g- L™'sucrose promoted higher
germination compared to the medium containing 120 g-L™" sucrose,
180 g-L‘lsucrose or no sucrose (Figures 2A-C). This indicated that
sucrose was important in pollen germination. A germination rate of
80.18% occurred in Ms medium, while in the pure water medium
(CK1) (Table 1), the germination rate was only 15.68% (Figures 2A,
B). Based on the ANOVA, sucrose was the most important factor
affecting pollen germination, followed by GAs;, boric acid and Ca
(NOs), (Tables 1, 3). The second level of sucrose, Ca(NO3), and
boric acid had the highest average value of the three replications
(xx = 70.81%, 67.58% and 64.88%, respectively) compared to their
first and third levels (Table 1). GA; had the highest average value
(xx = 67.15%) at the first level compared to the second and third
levels (Table 1).

FIGURE 1

Ultra-morphology of pollen grains of E. racemosa under the SEM. (A, B) Equatorial view; (C) Polar view; (D) Exine sculptures. Bar = 10 um.

FIGURE 2

Germination rate of E. racemosa pollen in different culture media. (A) The CK1 medium; (B) The Ms medium; (C) The M; medium. Bar = 150 um.
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TABLE 3 ANOVA results for the effects of different media on pollen germination of E. racemosa.

Source Variance of square df
Sucrose 545.29 2
Boric acid 284.43 2
Ca(NO;), 32.13 2
GA, 344.55 2
Standard error 32.94 9
SUM 1206.38 8

g

Optimization of pollen viability estimates
for E. racemosa

Using existing staining methods, i.e., staining with magenta
acetate, Alexander’s stain, I,-KI and MTT, did not distinguish
between viable and non-viable pollen (Figures 3A-D). TTC, red
ink and fluorescein diacetate can effectively distinguish viable
pollen from the unviable pollen for E. racemosa (Figures 3E-H).
For TTC staining, the viable pollen was dyed red (Figure 3E) with
79.6% pollen viability, which was similar to the pollen
germination (80.18%). For the red ink stain method, red
coloring was indicative of viable pollen grains with 82.30%
pollen viability, which was similar to the pollen germination
(80.18%), whereas the non-viable pollen grains were shriveled or
lightly stained (Figure 3F). Fluorescein diacetate gave the highest
pollen viability rates(86.25%) (Figures 3G, H), which was
statistically different from actual pollen germination (80.18%).
The correlations between pollen viability and in vitro germination
tests were determined. A correlation matrix indicated that the
germination rate of pollen grains was positively correlated with
pollen viability by the TTC, red ink and fluorescein diacetate
staining tests (Table 4). There were no significant differences (P <
0.01) in viability measured by TTC and red ink staining and in
vitro germination test.

Average of square F value (F) P value
272.64 74.49%% 0.0001
142.21 38.86* 0.0001
16.06 439 0.0467
172.27 47,07 0.0001
3.66
150.80 41.20 0.0001

" indicates significant differences (P < 0.05). "**" indicates very significant differences (P < 0.01).

Effects of temperature and pH on pollen
germination and pollen tube growth

The pollen germination rate and tube lengths were measured
to determine the effects of low and high temperatures.
Germination rates and tube length of E. racemosa pollen in
hanging drop tests exhibited significant differences at different
temperatures. The germination rate at 24 h was highest at
82.90% at 25°C, followed by 20°C, 30°C, 10°C and 35°C.
Compared to incubation at 25°C, the pollen germination rate
at 35°C decreased to 22.60%, while the pollen germination rate
only decreased to 72.20% at 20°C. Pollen tube length after 24 h of
incubation was highest at 3.2 mm at 25°C (Figures 4A, B).
However, low-temperature stressed pollen grains exhibited
degradation in tube growth. Under low-temperature stress, the
tube length was reduced to 2.9 mm at 20°C and 0.8 mm at 10°C.
Pollen tube length decreased to 2.6 mm at 30°C and 1.5 mm at
35°C under high-temperature stress. These results demonstrated
that low-temperature stress significantly inhibited pollen tube
growth compared to high-temperature conditions.

The pollen germination rate initially increased and then
decreased as the pH level of the medium increased (Figure 4C).
There were significant differences in pollen germination rates
among the different pH levels. The pH 8.0 treatment produced

FIGURE 3

Comparison of the seven staining methods for £ racemosa pollen. (A) Carmine acetate; (B) Alexander; (C) I-Kly; (D) MTT; (E) TTC; (F) Red ink;
(G, H) fluorescein diacetate. The yellow arrow indicates non-viable pollen; the blue arrow indicates viable pollen. Bar = 100 um.
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TABLE 4 Correlation matrix between the in vitro pollen germination rate (%) and the pollen viability.

Germination rate

Germination rate 1.000
TTC 0.862**
Red ink 0.538**
Fluorescein diacetate 0.623**

o

indicates that the correlation appeared a very significant level.

the lowest (27.00%) pollen germination rate (Figure 4C). The pH
6.5 treatment had the highest (81.20%) pollen germination rate.
This rate was not significantly different from the germination
rate (78.90%) in the pH 6.0 treatment. The longest pollen tube
length occurred at pH 6.5 and the shortest pollen tube length was
recorded at pH 4.5 (Figure 4D).

Effects of storage temperatures and
storage times on pollen germination

The effects of different storage temperatures and two different
water contents on pollen germination are presented in Table 5.
Pollen germination was significantly different following different

TTC Red ink Fluorescein diacetate
1.000

0.759* 1.000

0.815* 0.884* 1.000

storage temperatures. For dry pollen, the germination rate of
pollen stored at 25°C decreased rapidly with increasing storage
time, and pollen lost its viability after 180 days of storage. The
pollen germination rate was reduced to 20.5% after storage at 4°C
for 390 days. Under storage at —20°C and —80°C, the germination
rate of pollen grains slowly decreased. After 390 days, pollen
stored at —80°C maintained a germination rate of 53.6%, which
was significantly higher than the rate of 40.3% when stored at
—20°C. In this study, —80°C was the optimum temperature for
storage of dried pollen. Our findings indicated that the longevity
of dried pollen at —80°C was longer than 365 days. Similar to
dried pollen, the germination rate for fresh pollens also decreased
with increased storage time, but the germination rate decreased
more rapidly at the four temperatures (Table 5). Fresh pollen

A 10 B 4
A
T :
80 8 AB 1T
- E 39
g 3
£ c E B
Q
g 60 £
B
£ H
S 2 Ll c
K] K]
£ 40 2
E c
& DE 2 2
& 11 D
20 ’L‘
0 r - r r 0 r r r T
10C 20C 25¢C 30T 35C 10C 20T 25¢C 30C 35C
Temperature Temperature
C 1o D 4
A - 4
- T oL _ 1
B 3
- B B B £
e - E B
=5 =
2 60| B
5 ok cD 1
91 ¢ . e
£ 2
(0] = A D D
20 DE ﬁ f
0 T T T T T T T T 0
45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80
pH pH

FIGURE 4

Germination rates (%) and pollen tube length (mm) in CK2 medium at different temperatures or pH values. (A) Germination rates at different
temperatures. (B) Pollen tube lengths at different temperatures. (C) Germination rates at different pH values. (D) Pollen tube lengths at different
temperatures. Distinct letters point out the statistically significant differences (P < 0.01) and error bars indicate the standard deviations
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TABLE 5 Effects of storage temperature and storage times on in vitro pollen germination.

Storage temperature (°C)

5 10 30
25 61.0B 54.2D 37.2C
4 79.2A 73.0C 68.0B
=20 774A 77.1B 76.6A
-80 78.5A 81.5A 78.0A
25 36.0D 18.0D 0.0C
4 66.0A 62.0A 50.0A
=20 55.0C 46.1C 35.5B
-80 59.2B 54.3B 47.6A

Different capital letters indicate very significant difference (P < 0.01).

stored at 25°C lost its viability after 30 days of storage, while
pollen grains almost lost most of their viability when stored at 4°C
for 70 days (12.0%), at —20°C for 90 days (10.0%), and at —80°C
for 120 days (8.9%). The germination rate of dried pollen was
significantly higher than that of fresh pollen at different storage
times at four storage temperatures. Therefore, it is necessary to
reduce the water content of pollen before storage. Compared to
25°C, 4°C and —20°C, —80°C is the optimal storage temperature
for dried pollen grains of E. racemosa.

Effects of thawing method on
pollen germination

For the dried pollen grains at —80°C after 120 days of storage,
the germination rate of pollen after thawing at 35°C was 75.5%. This
was significantly higher than that after thawing at 25°C (Figure 5).
There were no significant differences between the other thawing
methods. For dried pollen grains at —20°C after 120 days of storage,
the highest pollen germination rate (60.8%) was observed after
thawing at 35°C, followed by thawing at 18°C (57.5%), 4°C (55.0%)
and 25°C (52.0%) (Figure 5). After 120 days of storage at —80°C and
-20°C, the pollen germination rate was the highest after thawing at
35°C, and the lowest after thawing at 25°C (Figure 5).

Discussion
Pollen morphology

The pollen morphological characteristics are typically stable,
showing the common characteristics at the family, genera or
specie level (Stafford and Knapp, 2006; Jia et al.,, 2015;
Goncalves-Esteves et al,, 2021). Walker (1974) reported that the
sculptural types of primitive type pollen are simple, and the pollen
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Storage time (Days)

50 70 90 120 180 270 390
Dried pollen
18.5D 10.2D 53D 2.6D 0.0D 0.0D 0.0D
64.0C 60.0C 45.0C 40.0C 36.2C 27.5C 20.5C
72.5B 68.3B 65.6B 60.8B 53.6B 43.2B 40.3B
79.5A 78.0A 75.2A 74.7A 72.5A 60.5A 53.6A
Fresh pollen
0.0C 0.0C 0.0C 0.0 0.0 0.0 0.0
26.0B 12.0C 0.0C 0.0 0.0 0.0 0.0
20.8C 20.5B 10.0B 0.0 0.0 0.0 0.0
34.6A 27.8A 20.5A 8.9 0.0 0.0 0.0

sculptural types of advanced species are complex. Plant species
with striate pollen are generally more advanced (Walker, 1974).
Zhou et al. (1999) found that foveolate pollen is the most
primitive, and species with striate pollen are more advanced
among the nine species of Spiraea. We found that the pollen
size of E. racemosa was medium and the pollen sculptural type of
E. racemosa was striate which was similar to Spiraea purpurea (Lu
et al., 2005). Therefore, we speculate that E. racemosa may be a
more evolved species within the Spiraeoideae subfamily. However,
the palynological data of the subfamily Spiracoideae are poorly
understood, and further research is required to clarify the
taxonomic status and phylogenetical relationships of E. racemosa.

Pollen germination and pollen
staining tests

It is significant to determine pollen germination requirements
for cross-pollination (Kremer and Jemric, 2006; Abdelgadir et al.,
2012) because different plants have different requirements for
pollen germination (Dane et al., 2004). Sucrose, H3BOs3, Ca*" and
GA; are the most commonly used additions for in vitro pollen
germination assays (Gokbayrak and Engin, 2017; Flores-Renteria
etal, 2018). Among them, sucrose not only provides the necessary
energy for pollen germination and pollen tube growth, but also
maintains the osmotic pressure of the external environment and
ensures pollen germination (Hirose et al,, 2014). H3BOj5 increases
sugar uptake, translocation and metabolism by pollen cells,
inducing Ca®" entry from the outside environment and
establishing the Ca®* gradient required for the pollen tube tip
growth gradient. Ca®" helps regulate the polar growth and growth
direction of pollen tubes (Ren et al., 2022). GA; functions in
pollen germination and pollen tube growth. Low concentrations
of GA; can significantly increase the pollen germination rate in
apricot (Gokbayrak and Engin, 2017; Flores-Renteria et al., 2018).
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indicate very significant difference (P < 0.01)

Our results showed that the pollen grains still germinated even in
the presence of water only, but the germination rate was relatively
low (15.68%). A possible explanation is that an ergastic substance
stored in pollen provides nutrients for the pollen tube growth. By
contrast, the germination rate of E. racemosa pollen increased
significantly with the addition of sucrose, H;BO3, Ca®" and GA;.
These data indicated that the nutrients stored in most E. racemosa
pollen grains are insufficient to support pollen germination, and
the germination of most pollen grains requires exogenous
nutrients. The appropriate medium for pollen germination
differs widely among plant species (Li et al, 2009; Yu et al,
2010; Luo et al,, 2020; dos Santos Ferreira et al., 2021). The
orthogonal experiments showed that sucrose and H;BO; were the
main factors affecting pollen germination, which was consistent
with studies on pollen germination of Paeonia ludlowii (Jia et al,
2021), Keteleeria fortune (Mesnoua et al., 20182) and Paeonia qiui
(Jia et al., 2020).

Staining is a common method used to estimate pollen
viability due to its simplicity and speed. However, staining
methods are not suitable for evaluating the pollen viability of
all plant species (Impe et al., 2020; Luo et al., 2020). Of the seven
staining methods tested in this study, only red ink, TTC and
fluorescein diacetate could distinguish viable pollen from
unviable pollen, and these showed a high correlation with the
fresh pollen germination in vitro. The pollen viability indicated
by red ink and fluorescein diacetate staining was somewhat
higher than the actual pollen germination. These data were
consistent with the results of Luo et al. (2020) in Castanea
mollissima pollen grains and Pearson and Harney (1984) in Rosa
pollen grains. There were no significant differences between the
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pollen viability estimated from the TTC test and the pollen
germination. These results are consistent with those of
Abdelgadir et al. (2012), who noted that TTC is an effective
method for determining pollen viability in Jatropha curcas.

Plant reproductive development is susceptible to extreme
temperatures (Mesnoua et al., 2018a; Sorkheh et al., 2018), and
high or low temperatures during the reproductive period can
lead to lower pollen germination. This can affect fruit and seed
setting (Vasilakakis and Porlingis, 1985; Sukhvibul et al., 2000;
Pirlak, 2002; Acar and Kakani, 2010). The optimal temperature
for pollen germination of most plants ranges from 20°C to 28°C
(Sorkheh et al., 2018; Beltran et al., 2019; Iovane et al., 2021), and
only a few species require higher (Mbogning et al., 2007; Cao
et al., 2016; Fan et al.,, 2018) or lower (Li et al., 2005)
temperatures. Excessively high or low incubation temperature
can reduce pollen germination. Our study simulates the extreme
temperature in spring in the Taihang Mountains, and the main
purpose was to study the effect of high or low temperature on the
pollen germination rate of E. racemosa. The results showed that
the germination rate of pollen cultured at 10°C or 35°C was
significantly lower than that of pollen cultured at 25°C,
indicating that both low temperature and high temperature
adversely affect pollen germination. Therefore, the effect of
temperature on pollen germination should be considered
during cross-pollination of E. racemosa.

The pH value of the germination medium is the main factor
that affects pollen germination in many plants (Munzuroglu et al,,
2003; Burke et al., 2004). Zaman (2009) and Fragallah et al. (2019)
reported that pH levels affected pollen germination in vitro.
Fragallah et al. (2019) reported that pollen growth was optimal
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at pH 7.0 and worst at pH 5.3. A pH level of 8.5-9.0 was optimal
for in vitro pollen germination in most cucurbit species (Zaman,
2009). In the present study, the pH value of the germination
medium had a significant effect on the germination of E. racemosa
pollen. This is the first report of the effects of different pH values
on the germination of E. racemosa. The pollen germination rates
increased and then decreased when the pH level increased from
4.5 t0 8.0. The pollen germination rate was lowest when the pH of
the medium was 4.5. The optimal pH value for pollen germination
and pollen tube elongation was 6.5.

Pollen storage

Pollen preservation is important for producing new varieties
through hybridization (Baez et al., 2002; Kadri et al.,, 2022). Pollen
longevity can be extended when it has a low moisture content and
when stored at low temperatures (Akond et al., 2012; Ozcan,
2020). Our results showed that E. racemosa pollen stored at four
temperatures had lost some germination capacity compared to
the fresh pollen. These results are consistent with several other
studies in which pollen stored at 25-30°C or 3-4°C in a
refrigerator showed lower germination rate than fresh pollen
from Prunus persica (Devi et al., 2018), Carya illinoinensis (Wang
et al., 2021) and Phoenix dactylifera (Shaheen, 1986; Mortazavi
et al, 2010; Maryam et al,, 2015). Our results showed that dried
pollen still germinates at 50% after 390 days of storage at —80°C,
which is the optimal temperature for storage of E. racemosa. This
suggests that the longevity of E. racemosa pollen may exceed
12 months at —80°C. Storing pollen at —20°C would also be a
simple way to help maintain pollen potency. In vitro germination
was significantly higher for pollen stored at —20°C for 390 days
compared to 4°C storage, while pollen stored at 25°C for 180 days
lost its ability to germinate. These observations were similar to
pollen germination from six male varieties of P. dactylifera, with a
significantly faster reduction in in vitro germination at 25°C
compared to pollen stored at 4°C or —20°C (Mesnoua et al.,
2018b). Jia et al. (2020) and Liu et al. (2020) also reported that
pollen viability was significantly higher after —20°C storage than
4°C storage. Our results are also consistent with those of Liu et al.
(2020) and Jia et al. (2020), where a higher pollen in vitro
germination rate was obtained at —20°C, followed by lower
germination rates following storage at 4°C and 25°C (Maryam
et al., 2015; Jaskani and Naqvi, 2017).

The method used to thaw frozen pollen has an important
influence on its germination rate and depends on the plant species
and the water content of the pollen (Sun et al., 1998; Xu et al,
2000; Xue et al,, 2000). The thawing method is as important as the
storage temperature (Wen et al., 1999). Wen et al. (1999) studied
the vitrified callus of Freesia refracta and concluded that thawing
should be rapidly conducted at 40°C. Based on a review of
research on the cryopreservation of plant material, Kulus and
Zalewska (2014) concluded that slow thawing is usually less
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effective and more time-consuming than rapid warming. The
results of four thawing tests on E. racemosa showed that the pollen
germination rate and pollen tube length when pollen was thawed
at 35°C were significantly better than pollen thawed at 25 °C.
These results are not consistent with the results reported by Xu
et al. (2000); Xue et al. (2000) and Wang et al. (2021), indicating
pollen grains of different species may have different responses to
thawing temperatures.

Conclusions

Red ink and TTC can effectively distinguish viable pollen
from unviable pollen for E. racemosa. Sucrose in germination
media can affect pollen germination. The best liquid medium for
pollen germination was a medium containing 150 g- L™" sucrose,
100 mg- L™" boric acid, 150 mg- L™ Ca(NO3), and 50 mg- L™"
GA;. This medium resulted in a germination rate of 80.18%. A
temperature of 25°C was optimal for pollen germination and
pollen tube growth for E. racemosa. The length of pollen tubes
was four times longer at 25°C compared to lengths at 10°C. The
optimal pH for in vitro pollen germination was 6.5. The longevity
of dried pollen was longer than that of fresh pollen. Storage of E.
racemosa dried pollen at —80°C preserved pollen germination
more effectively than storage at 25°C, 4°C and —20°C. Pollen
longevity at —80°C exceeded 365 days. Thawing in a 35°C water
bath for 4 min was the best thawing method for pollen stored at
—-20°C and -80°C.This paper systematically evaluates the
influences of the parameters on pollen viability, pollen
germination and pollen longevity, and provides theoretical
direction for cross-breeding research in E. racemosa.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding authors.

Author contributions

We conceived and designed the experiments; W], YW and
DK performed the experiments. YW, ZM, ZW and DK analyzed
the data. W], ZW, ZM and SH wrote and revised the manuscript.
All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by The National Key Research
and Development Program of China (Grant no.

frontiersin.org


https://doi.org/10.3389/fpls.2022.994214
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jia et al.

2018YFD1000401) and Henan Key Research and Development
Plan (Grant no. 202102110082).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Abdelgadir, H., Johnson, S., and Van Staden, J. (2012). Pollen viability, pollen
germination and pollen tube growth in the biofuel seed crop Jatropha curcas
(Euphorbiaceae). South Afr. J. Bot. 79, 132-139. doi: 10.1016/j.sajb.2011.10.005

Abdullah Yousuf Akhond, M., Abul Hossain Molla, M., Obaidul Islam, M., and
Ali, M. (2000). Cross compatibility between Abelmoschus esculentus and A.
moschatus. Euphytica 114, 175-180. doi: 10.1023/A:1003985728630

Acar, I, and Kakani, V. G. (2010). The effects of temperature on in vitro pollen
germination and pollen tube growth of pistacia spp. Sci. Hortic. 125, 569-572. doi:
10.1016/j.scienta.2010.04.040

Addicott, F. T. (1943). Pollen germination and pollen tube growth, as influenced
by pure growth substances. Plant Physiol. 18, 270. doi: 10.1104/pp.18.2.270

Akond, A. M., Pounders, C. T., Blythe, E. K., and Wang, X. (2012). Longevity of
crapemyrtle pollen stored at different temperatures. Sci. Hortic. 139, 53-57. doi:
10.1016/j.scienta.2012.02.021

Alexander, M. (1969). Differential staining of aborted and nonaborted pollen.
Stain Technol. 44, 117-122. doi: 10.3109/10520296909063335

Alexander, L. (2019). Optimizing pollen germination and pollen viability
estimates for Hydrangea macrophylla, dichroa febrifuga, and their hybrids. Sci.
Hortic. 246, 244-250. doi: 10.1016/j.scienta.2018.11.008

Atlagi¢, J., Terzi¢, S., and Marjanovic-Jeromela, A. (2012). Staining and
fluorescent microscopy methods for pollen viability determination in sunflower
and other plant species. Ind. Crops prod. 35, 88-91. doi: 10.1016/
jindcrop.2011.06.012

Baez, P., Riveros, M., and Lehnebach, C. (2002). Viability and longevity of pollen
of nothofagus species in south Chile. New Z. J. Bot. 40, 671-678. doi: 10.1080/
0028825X.2002.9512822

Barnabas, B., and Rajki, E. (1976). Storage of maize (Zea mays 1.) pollen at -196 °C in
liquid nitrogen. Euphytica 25, 747-752. doi: 10.1007/BF00041614

Beltran, R., Valls, A., Cebrian, N., Zornoza, C., Breijo, F. G., Armifana, J. R,
et al. (2019). Effect of temperature on pollen germination for several rosaceae

species: Influence of freezing conservation time on germination patterns. Peer] 7,
€8195. doi: 10.7717/peer;j.8195

Bendahmane, M., Dubois, A., Raymond, O., and Bris, M. L. (2013). Genetics and
genomics of flower initiation and development in roses. J. Exp. Bot. 64, 847-857.
doi: 10.1093/jxb/ers387

Burke, J. J., Velten, J., and Oliver, M. J. (2004). In vitro analysis of cotton pollen
germination. Agron. J. 96, 359-368. doi: 10.2134/agron;j2004.3590

Cao, M. H,, Yang, J. J., Su, J. Q, Lin, Z. J,, and Lin, Y. H. (2016). Screening of
rapid detection methods for pollen viability of wild canna tianbao. Fujian Hot Crop
Sci. Technol. 43, 15-17. doi: CNKL:SUN:FJRK.0.2018-02-004

Chen, J., Zhang, Y. X,, Tang, F. L,, Liu, F. Q.,, Han, W. B,, Liu, J. L, et al. (2010).
Methodology study on measurement of alfalfa pollen vitality. Acta Agrestia Sin. 18,
297-301. doi: CNKI:SUN:CDXU.0.2010-02-031

Dafni, A. (1992). Pollination ecology: a practical approach. Oxford Univ. Press 3,
64-67. doi: 10.1046/j.1420-9101.1993.6050776.x

Dane, F., Olgun, G., and Dalgig, O. (2004). In vitro pollen germination of some
plant species in basic culture medium. J. Cell Mol. Biol. 3, 71-76.

Devi, I, Singh, H., Thakur, A., and Singh, J. (2018). Optimization of pollen
storage conditions for low chill peach cultivars. Indian J. Hortic. 75, 560-566. doi:
10.5958/0974-0112.2018.00095.6

dos Santos Ferreira, M., Soares, T. L., Costa, E. M. R., da Silva, R. L., de Jesus, O.
N., Junghans, T. G, et al. (2021). Optimization of culture medium for the in vitro
germination and histochemical analysis of passiflora spp. pollen grains. Sci. Hortic.
288, 110298. doi: 10.1016/j.scienta.2021.110298

Frontiers in Plant Science

11

10.3389/fpls.2022.994214

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Du, G, Xu, J., Gao, C,, Lu, J,, Li, Q, Du, ], et al. (2019). Effect of low storage
temperature on pollen viability of fifteen herbaceous peonies. Biotechnol. Rep. 21,
€00309. doi: 10.1016/j.btre.2019.00309

Fan, T. T., Guo, Z. H,, Fu, H. ], Zhang, L., and Ding, Y. L. (2018). Germination
and storage characteristics of Pleioblastus pygmaeus pollen. For. Res. 31 (3), 180—
185. doi: 10.13275/j.cnki.lykxyj.2018.03.024

Flores-Renteria, L., Whipple, A. V., Benally, G. J., Patterson, A., Canyon, B., and
Gehring, C. A. (2018). Higher temperature at lower elevation sites fails to promote
acclimation or adaptation to heat stress during pollen germination. Front. Plant Sci.
9, 536. doi: 10.3389/fpls.2018.00536

Fragallah, S. A. D. A, Lin, S, Li, N,, Ligate, E. J., and Chen, Y. (2019). Effects of
sucrose, boric acid, pH, and incubation time on in vitro germination of pollen and
tube growth of Chinese fir (Cunnighamial lanceolata 1.). Forests 10, 102. doi:
10.3390/£10020102

Gokbayrak, Z., and Engin, H. (2017). Brassinosteroids and gibberellic acid:
effects on in vitro pollen germination in grapevine. OENO One 51, 303-303. doi:
10.20870/0eno-one.2017.51.4.1862

Goncalves-Esteves, V., Cartaxo-Pinto, S., Marinho, E. B., Esteves, R. L., and
Mendonca, C. B. F. (2021). Pollen morphology and evolutionary history of
sapindales. Braz. J. Bot. 45, 341-66. doi: 10.1007/s40415-021-00719-7

Goulet, B. E., Roda, F., and Hopkins, R. (2017). Hybridization in plants: old
ideas, new techniques. Plant Physiol. 173, 65-78. doi: 10.1104/pp.16.01340

Halbritter, H., Ulrich, S., Grimsson, F., Weber, M., Zetter, R, Hesse, M., et al.
(2018). Iilustrated pollen terminology (Berlin, Germany: Springer). doi: 10.1007/
978-3-319-71365-6

Hirose, T., Hashida, Y., Aoki, N., Okamura, M., Yonekura, M., Ohto, C., et al.
(2014). Analysis of gene-disruption mutants of a sucrose phosphate synthase gene
in rice, OsSPS1, shows the importance of sucrose synthesis in pollen germination.
Plant Sci. 225, 102-106. doi: 10.1016/j.plantsci.2014.05.018

Impe, D., Reitz, J., Képnick, C., Rolletschek, H., Borner, A., Senula, A., et al.
(2020). Assessment of pollen viability for wheat. Front. Plant Sci. 10, 1588. doi:
10.3389/fpls.2019.01588

Tovane, M., Cirillo, A., Izzo, L. G., Di Vaio, C., and Aronne, G. (2021). High
temperature and humidity affect pollen viability and longevity in Olea europaea 1.
Agronomy 12, 1. doi: 10.3390/agronomy12010001

Jaskani, M. J., and Naqvi, S. A. (2017). “Storage and viability assessment of date
palm pollen,” in Date palm biotechnology protocols volume II (New York, NY:
Springer), 3-13.

Jia, W., Guo, Y., Wang, Y., Zhu, X., Wang, Z,, Liu, G,, et al. (2020). Effects of
storage conditions on pollen longevity of Paeonia qiui. Trans. CSAE 36, 307-315.
doi: CNKI: SUN: NYGU.0.2020-14-038

Jia, W., Wang, Y., Guo, Y., Wang, Z., Qi, Q., Yan, S., et al. (2021).
Characterization of pollen germination and storage of Paeonia ludlowii. Sci.
Silvae Sinicae 57, 82-92. doi: 10.11707/.1001-7488.20210209

Jia, W., Wang, S., and Li, L. (2015). Pollen morphology, storage condition
and physiologically dynamic change during storage of Camellia magniflora.
Acta Bot. Boreal-Occident Sin. 35, 754-760. doi: 10.7606/j.issn.1000-4025.2015.
04.0754

Kadri, K., Elsafy, M., Makhlouf, S., and Awad, M. A. (2022). Effect of pollination
time, the hour of daytime, pollen storage temperature and duration on pollen
viability, germinability, and fruit set of date palm (Phoenix dactylifera I.) cv" deglet
nour". Saudi J. Biol. Sci. 29, 1085-1091. doi: 10.1016/j.sjbs.2021.09.062

Kaur, D., and Singhal, V. (2019). Meiotic abnormalities affect genetic
constitution and pollen viability in dicots from Indian cold deserts. BMC Plant
Biol. 19, 1-11. doi: 10.1186/s12870-018-1596-7

frontiersin.org


https://doi.org/10.1016/j.sajb.2011.10.005
https://doi.org/10.1023/A:1003985728630
https://doi.org/10.1016/j.scienta.2010.04.040
https://doi.org/10.1104/pp.18.2.270
https://doi.org/10.1016/j.scienta.2012.02.021
https://doi.org/10.3109/10520296909063335
https://doi.org/10.1016/j.scienta.2018.11.008
https://doi.org/10.1016/j.indcrop.2011.06.012
https://doi.org/10.1016/j.indcrop.2011.06.012
https://doi.org/10.1080/0028825X.2002.9512822
https://doi.org/10.1080/0028825X.2002.9512822
https://doi.org/10.1007/BF00041614
https://doi.org/10.7717/peerj.8195
https://doi.org/10.1093/jxb/ers387
https://doi.org/10.2134/agronj2004.3590
https://doi.org/CNKI:SUN:FJRK.0.2018-02-004
https://doi.org/CNKI:SUN:CDXU.0.2010-02-031
https://doi.org/10.1046/j.1420-9101.1993.6050776.x
https://doi.org/10.5958/0974-0112.2018.00095.6
https://doi.org/10.1016/j.scienta.2021.110298
https://doi.org/10.1016/j.btre.2019.e00309
https://doi.org/10.13275/j.cnki.lykxyj.2018.03.024
https://doi.org/10.3389/fpls.2018.00536
https://doi.org/10.3390/f10020102
https://doi.org/10.20870/oeno-one.2017.51.4.1862
https://doi.org/10.1007/s40415-021-00719-7
https://doi.org/10.1104/pp.16.01340
https://doi.org/10.1007/978-3-319-71365-6
https://doi.org/10.1007/978-3-319-71365-6
https://doi.org/10.1016/j.plantsci.2014.05.018
https://doi.org/10.3389/fpls.2019.01588
https://doi.org/10.3390/agronomy12010001
https://doi.org/CNKI: SUN: NYGU.0.2020-14-038
https://doi.org/10.11707/j.1001-7488.20210209
https://doi.org/10.7606/j.issn.1000-4025.2015.04.0754
https://doi.org/10.7606/j.issn.1000-4025.2015.04.0754
https://doi.org/10.1016/j.sjbs.2021.09.062
https://doi.org/10.1186/s12870-018-1596-7
https://doi.org/10.3389/fpls.2022.994214
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jia et al.

Kim, K.-A., Cheon, K.-S., and Yoo, K.-O. (2014). Environmental characteristics
of exochorda serratifolia s. Moore habitats. Korean J. Plant Resour. 27, 155-173.
doi: 10.7732/kjpr.2014.27.2.155

Kremer, D., and Jemric, T. (2006). Pollen germination and pollen tube growth in
Fraxinus pennsylvanica. Biologia 61, 79-83. doi: 10.2478/s11756-006-0011-2

Kulus, D., and Zalewska, M. (2014). Cryopreservation as a tool used in long-
term storage of ornamental species—a review. Sci. Hortic. 168, 88-107. doi: 10.1016/
j.scienta.2014.01.014

Lee, H.-D., Lee, J.-W., Lee, C.-H., Kim, S.-D., Kim, H.-H., Kim, J.-H., et al.
(2006). Effects of storage method, growth regulator, and inorganic salt on the seed
germination of exochorda serratifolia s. Moore. Hortic. Sci. Technol. 24, 90-94.

Li, L., Liu, Y., and Liu, T. (2009). Study on the effects of the storage conditions on
pollen viability of twelve kinds of spiraea. Gansu Agric. Sci. Technol. 8, 5-8.
doi: 10.3969/j.issn.1001-1463.2009.08.002

Liu, X,, Xiao, Y., Wang, Y., Chen, F., Huang, R., and Jiang, Y. (2020). The in vitro
germination and storage characteristics of Keteleeria fortunei var. cyclolepis pollen
provide a reference for cross breeding. Protoplasma 257, 1221-1230. doi: 10.1007/
500709-020-01509-w

Li, Y. Y, Xu, ], Shi, L., and Li, F. (2005). Examination of pollen germination and
vitality of different cultivars of Ziziphus mauritiana in greenhouse. J. Fruit Sci. 6,
132-134. doi: 10.3969/].issn.1009-9980.2005.06.031

Lu, L., Hong, W., and Zhongxin, W. (2005). Eight species of pollen morphology
of clethraceae and violaceae, with reference to relationships among six families of
dillenidae and staphyleaceae. Acta Botanica Yunnanica 27, 269-278. doi: 10.3969/
j.issn.2095-0845.2005.03.005

Luo, S., Zhang, K., Zhong, W.-P., Chen, P., Fan, X.-M.,, and Yuan, D.-Y. (2020).
Optimization of in vitro pollen germination and pollen viability tests for Castanea
mollissima and Castanea henryi. Sci. Hortic. 271, 109481. doi: 10.1016/
j.scienta.2020.109481

Maryam, M., Fatima, B., Haider, M. S., Abbas, S., Naqvi, M., Ahmad, R, et al.
(2015). Evaluation of pollen viability in date palm cultivars under different storage
temperatures. Pak. J. Bot. 47, 377-381.

Mazzeo, A., Palasciano, M., Gallotta, A., Camposeo, S., Pacifico, A., and Ferrara,
G. (2014). Amount and quality of pollen grains in four olive (Olea europaea 1.)
cultivars as affected by ‘on’and ‘offyears. Sci. Hortic. 170, 89-93. doi: 10.1016/
j.scienta.2014.02.030

Mbogning, J. B. D., Youmbi, E., and Nkongmeneck, B.-A. (2007). Morphological
and in vitro germination studies of pollen grains in kola tree (Cola sp.). Akdeniz
Universitesi Ziraat Fakiiltesi Dergisi 20, 311-318.

Memmott, J., Craze, P. G., Waser, N. M., and Price, M. V. (2007). Global
warming and the disruption of plant-pollinator interactions. Ecol. Lett. 10, 710-
717. doi: 10.1111/j.1461-0248.2007.01061.x

Mesnoua, M., Roumani, M., Bensalah, M., Salem, A., and Benaziza, A. (2018a).
Optimization of conditions for in vitro pollen germination and pollen tube growth
of date palm (Phoenix dactylifera 1.). J. Fundam. Appl. Sci. 10, 158-167. doi:
10.4314/jfas.v10il.11

Mesnoua, M., Roumani, M., and Salem, A. (2018b). The effect of pollen storage
temperatures on pollen viability, fruit set and fruit quality of six date palm cultivars.
Sci. Hortic. 236, 279-283. doi: 10.1016/j.scienta.2018.03.053

Milatovi¢, D., Nikoli¢, D., and Radovi¢, A. (2015). The effect of temperature on
pollen germination and pollen tube growth of apricot cultivars. IIT Balkan Symp.
Fruit Growing 1139, 359-362. doi: 10.17660/ActaHortic.2016.1139.62

Mortazavi, S., Arzani, K., and Moeini, A. (2010). Optimizing storage and in vitro
germination of date palm (Phoenix dactylifera) pollen. J. Agric. Sci. Technol. (JAST)
12 (2), 181-189. doi: 10.1007/s10806-009-9189-y

Munzuroglu, O., Obek, E., and Geckil, H. (2003). Effects of simulated acid rain

on the pollen germination and pollen tube growth of apple (Malus sylvestris miller
cv. golden). Acta Biolo. Hungarica 54, 95-103. doi: 10.1556/ABio0l.54.2003.1.10

Ozcan, A. (2020). Effect of low-temperature storage on sweet cherry (Prunus
avium1.) pollen quality. HortScience 55, 258-260. doi: 10.21273/HORTSCI14660-19

Palancean, A., Onika, E., and Rosca, I. (2015). Growth and development
peculiarities of the species Exochorda racemosa in the republic of Moldova.
International Scientific Symposium Conservation of Plant Diversity, ASM
(Chisinau, Republic of Moldova: ArtPoligraf press), 88.

Pearson, H., and Harney, P. (1984). Pollen viability in Rosa. HortScience 19,
710-711.

Pirlak, L. (2002). The effects of temperature on pollen germination and pollen
tube growth of apricot and sweet cherry. Gartenbauwissenschaft 67, 61-64.

Punt, W., Hoen, P., Blackmore, S., Nilsson, S., and Le Thomas, A. (2007).
Glossary of pollen and spore terminology. Rev. palaeobot. palynol. 143, 1-81. doi:
10.1016/j.revpalbo.2006.06.008

Frontiers in Plant Science

12

10.3389/fpls.2022.994214

Ren, R, Zhou, H., Zhang, L., Jiang, X,, and Liu, Y. (2022). Ca>* participates in
programmed cell death by modulating ROS during pollen cryopreservation. Plant
Cell Rep. 41, 1043-57. doi: 10.1007/s00299-022-02836-3

Rodriguez-Riano, T., and Dafni, A. (2000). A new procedure to asses pollen
viability. Sex. Plant Reprod. 12, 241-244. doi: 10.1007/s004970050008

Schneider, S. (2012). Wilson’s pearlbush (Exochorda giraldii var. wilsonii): A
gem to the core. Arnoldia 69, 36-36. doi: 10.2307/42955532

Shaheen, M. (1986). Pistil receptivity in three cultivars of date palm (Phoenix
dactylifera 1.). Proc. 1 Hot. Sci. Conf. st Tanta Univ. Egypt. Sept. 11, 489-499.

Shekari, A., Nazeri, V., and Shokrpour, M. (2016). Pollen viability and storage
life in Leonurus cardiaca 1. J. Appl. Res. Med. AROMA 3, 101-104. doi: 10.1016/
jjarmap.2016.02.004

Soltis, P. S., and Soltis, D. E. (2009). The role of hybridization in plant speciation.
Annu. Rev. Plant Biol. 60, 561-588. doi: 10.1146/annurev.arplant.043008.092039

Song, J.-H., Kong, M.-]., Oak, M.-K,, and Hong, S.-P. (2016). A study on the
distribution, external morphological characteristics and soil condition of
Exochorda serratifolia s. Moore. Korean ]. Environ. Ecol. 30, 929-938. doi:
10.13047/KJEE.2016.30.6.929

Sorkheh, K., Azimkhani, R., Mehri, N., Chaleshtori, M. H., Halasz, J., Ercisli, S.,
et al. (2018). Interactive effects of temperature and genotype on almond (Prunus
dulcis 1) pollen germination and tube length. Sci. Hortic. 227, 162-168. doi:
10.1016/j.scienta.2017.09.037

Stafford, P., and Knapp, S. (2006). Pollen morphology and systematics of the
zygomorphic-flowered nightshades (Solanaceae; salpiglossideae sensu D’Arc and
cestroideae sensu D’Arc Pro parte): A review. Syst. Biodivers. 4, 173-201. doi:
10.1017/51477200005001787

Sukhvibul, N., Whiley, A. W., Vithanage, V., Smith, M. K, Doogan, V. J.,, and
Hetherington, S. E. (2000). Effect of temperature on pollen germination and pollen
tube growth of four cultivars of mango (Mangifera indica 1.). J. Hortic. Sci.
Biotechnol. 75 (2), 214-222. doi: 10.1080/14620316.2000.11511226

Sun, X, Xing, S., Lu, D., and Wang, J. (1998). Studies of the vitality of ginkgo
pollen. J. Fruit Sci. 15 (1), 58-64.

Therios, I, Tsirakoglou, V., and Dimassi-Theriou, K. (1985). Physiological
aspects of pistachio (Pistacia vera 1.) pollen germination. Rivista di
ortoflorofrutticoltura italiana, 161-70.

Vasilakakis, M., and Porlingis, 1. (1985). Effect of temperature on pollen
germination, pollen tube growth, effective pollination period, and fruit set of
pear. HortScience 20, 733-735. doi: 10.21273/HORTSCI.20.4.733

Walker, J. W. (1974). Evolution of exine structure in the pollen of primitive
angiosperms. Am. J. Bot. 61, 891-902. doi: 10.1002/j.1537-2197.1974.tb12315.x

Wang, X., Wu, Y., and Lombardini, L. (2021). In vitro viability and germination
of Carya illinoinensis pollen under different storage conditions. Sci. Hortic. 275,
109662. doi: 10.1016/j.scienta.2020.109662

Wen, Y., Chunyan, L., Xiuling, B., Hengchun, L., and Li, W. (1999). Study on
callus cryopreservation of freesia refracta Klatt. J. Northeast Nor. Univ. 4, 70-72.

Wood, B. W. (2017). Flavonoids, alkali earth, and rare earth elements affect pecan
pollen germination. HortScience 52, 85-88. doi: 10.21273/HORTSCI11426-16

Xue, M. N,, Liu, H. Y,, and Rao, G. R. (2000). Study on low temperature
preservation of shatinyu’s pollen. Guihaia 20, 367-370.

Xu, G. B, He, F,, and Huang, X. G. (2000). Studied of in vitro culture and
conservation of maidenhair tree (Ginkgo bilobna 1.) germplasm. J. Cent. South For
Univ. 20, 27-30. doi: 10.3969/j.issn.1673-923X.2000.01.005

Yang, G., and Kamp-Glass, M. (2000). In vitro culture initiation and
proliferation of Exochorda racemosa. HortScience 35, 397. doi: 10.21273/
HORTSCI.35.3.397C

Yu, Y., Zhang, H., Ma, L., and Tan, Z. (2010). Studies on the pollen vitality and
storage capacity of Physocarpus. Northern hortic. 10, 71-72. doi: CNKI:SUN:
BFYY.0.2010-10-027

Zaman, M. R. (2009). Effect of pH on in vitro pollen germination of fourteen
cultivated and wild species of cucurbit. J. Bio-Sci. 17, 129-133. doi: 10.3329/
jbs.v17i0.7120

Zhang, Y., Li, X., Dong, Z., Wang, M., Chen, G., Liu, X,, et al. (2018). First report

of powdery mildew caused by erysiphe alphitoides on Exochorda racemosa in
China. Plant Dis. 102, 2037-2037. doi: 10.1094/PDIS-02-18-0227-PDN

Zhang, J., Li, X,, Ren, L., Fang, C., and Wang, F. (2011). Chemical constituents
from Exochorda racemosa. China ]. Chin. materia Med. 36, 1198-1201.
doi: 10.1007/s11606-010-1517-4

Zhou, L., Wei, Z., and Zheng, Y. (1999). Poll'en morphology of spiracoideae in
China (Rosaceae). Acta Bota. Yunnanica 21, 303-308. doi: 10.3969/j.issn.2095-
0845.1999.03.004

frontiersin.org


https://doi.org/10.7732/kjpr.2014.27.2.155
https://doi.org/10.2478/s11756-006-0011-2
https://doi.org/10.1016/j.scienta.2014.01.014
https://doi.org/10.1016/j.scienta.2014.01.014
https://doi.org/10.3969/j.issn.1001-1463.2009.08.002
https://doi.org/10.1007/s00709-020-01509-w
https://doi.org/10.1007/s00709-020-01509-w
https://doi.org/10.3969/j.issn.1009-9980.2005.06.031
https://doi.org/10.3969/j.issn.2095-0845.2005.03.005
https://doi.org/10.3969/j.issn.2095-0845.2005.03.005
https://doi.org/10.1016/j.scienta.2020.109481
https://doi.org/10.1016/j.scienta.2020.109481
https://doi.org/10.1016/j.scienta.2014.02.030
https://doi.org/10.1016/j.scienta.2014.02.030
https://doi.org/10.1111/j.1461-0248.2007.01061.x
https://doi.org/10.4314/jfas.v10i1.11
https://doi.org/10.1016/j.scienta.2018.03.053
https://doi.org/10.17660/ActaHortic.2016.1139.62
https://doi.org/10.1007/s10806-009-9189-y
https://doi.org/10.1556/ABiol.54.2003.1.10
https://doi.org/10.21273/HORTSCI14660-19
https://doi.org/10.1016/j.revpalbo.2006.06.008
https://doi.org/10.1007/s00299-022-02836-3
https://doi.org/10.1007/s004970050008
https://doi.org/10.2307/42955532
https://doi.org/10.1016/j.jarmap.2016.02.004
https://doi.org/10.1016/j.jarmap.2016.02.004
https://doi.org/10.1146/annurev.arplant.043008.092039
https://doi.org/10.13047/KJEE.2016.30.6.929
https://doi.org/10.1016/j.scienta.2017.09.037
https://doi.org/10.1017/S1477200005001787
https://doi.org/10.1080/14620316.2000.11511226
https://doi.org/10.21273/HORTSCI.20.4.733
https://doi.org/10.1002/j.1537-2197.1974.tb12315.x
https://doi.org/10.1016/j.scienta.2020.109662
https://doi.org/10.21273/HORTSCI11426-16
https://doi.org/10.3969/j.issn.1673-923X.2000.01.005
https://doi.org/10.21273/HORTSCI.35.3.397C
https://doi.org/10.21273/HORTSCI.35.3.397C
https://doi.org/CNKI:SUN:BFYY.0.2010-10-027
https://doi.org/CNKI:SUN:BFYY.0.2010-10-027
https://doi.org/10.3329/jbs.v17i0.7120
https://doi.org/10.3329/jbs.v17i0.7120
https://doi.org/10.1094/PDIS-02-18-0227-PDN
https://doi.org/10.1007/s11606-010-1517-4
https://doi.org/10.3969/j.issn.2095-0845.1999.03.004
https://doi.org/10.3969/j.issn.2095-0845.1999.03.004
https://doi.org/10.3389/fpls.2022.994214
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Optimization of culture medium for in vitro germination and storage conditions of Exochorda racemosa pollen
	Introduction
	Materials and methods
	Pollen collection
	SEM observation on pollen morphology
	Optimization of culture medium for in vitro pollen germination
	Pollen staining
	Optimization of pH and temperature for in vitro pollen germination and pollen tube growth
	Long-term pollen storage
	Thawing treatments
	Statistical analysis

	Results
	Pollen morphological characteristics
	Optimization of pollen germination medium for E. racemosa
	Optimization of pollen viability estimates for E. racemosa
	Effects of temperature and pH on pollen germination and pollen tube growth
	Effects of storage temperatures and storage times on pollen germination
	Effects of thawing method on pollen germination

	Discussion
	Pollen morphology
	Pollen germination and pollen staining tests
	Pollen storage

	Conclusions
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


