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Research paper

Orthogonal Test Design for Optimizing Culture Medium
for in vitro Pollen Germination of Chinese

Chinquapin (Castanea henryi)

Zhi-yu Deng,”  Huan Xiong,” De-yi Yuan,” Genhua Niu,” Feng Zou"”
[ Summary ]

Chinese chinquapin (Castanea henryi (Skam) Rehder & Wilson) is an ecologically and eco-
nomically important nut tree species in southern China. Chinquapin suffers from high rates of
empty shells, which are directly related to low pollination efficiency. Efficient pollination mainly
depends on pollen vigor, which depends on the pollen grain germination rate and the rate of pollen
tube growth. We studied the pollen germination rate and pollen tube length of the advanced chin-
quapin cultivar HCHJA-1; specifically, we compared the effectiveness of different concentrations
of 3 key factors by an orthogonal design method: boric acid (H;BO;), calcium chloride (CaCl,),
and gibberellic acid (GA;), to determine pollen vigor and optimize the culture medium for in vitro
pollen germination. Results indicated that chinquapin pollen germination rates were significantly
affected by medium components. The pollen germination percentages varied between 13.02 and
66.99%. Three factors influenced pollen germination in the order of decreasing significance:
GA, > H,BO, > CaCl,. Pollen tube growth was influenced by these factors as follows: H;BO, > GA,
> CaCl,. The optimal culture medium for promoting pollen vigor of C. henryi HCHJA-1 was 1%
agar, 10% sucrose, 20 mg L GA,, 100 mg L' H,BO,, and 50 mg L™ CaCl,.
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INTRODUCTION

Chestnut trees are among the most im-
portant nut crops in China and have been cul-
tivated over a long history (Zou et al. 2013).
Chestnuts belong to the genus Castanea,
including 7 main economically important
species: C. pumila, C. crenata, C. mollissima,
C. sativa, C. dentata, C. seguinii, and C. hen-
ryi (Bounous and Marinoni 2005). Chinese
chinquapin (C. henryi) is a well-known dry
fruit that is indigenous to southeastern and
southwestern China (Anagnostakis 2010, Fan
et al. 2015). It is cultivated as a timber crop
in Fujian, Zhejiang, Hunan, Sichuang, and
Guizhou Provinces (Xiang et al. 2016). The
nut of Chinese chinquapin is rich in nutrients,
containing 9.3% protein, 2.7% lipids, 7.4%
sugars, and 5.1% amino acids, and has a
unique flavor and taste (Xu 2005).

In trees producing nut crops such as the
Chinese chinquapin, fertilization is an es-
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sential process to enhance fruit yields. Chin-
quapin is self-incompatible; thus, a tree of
a different cultivar is required for effective
pollination (Zhang et al. 2016). Successful
pollen germination usually leads to good tube
growth, which likely promotes fertilization
(Sulusoglu and Aysun 2014). Poor pollination
always causes empty burs in chinquapin trees,
which severely impact yields and economic
profits (Zheng et al. 2009). Thus, pollen vi-
ability plays a significant role in pollination
for high fruit yields. Pollen germination and
tube growth are affected by nutrition and
plant growth regulators (Maita and Sotomay-
or 2015, Muengkaew et al. 2016). Nurtrients
and plant bioregulators, such as boron (B),
calclum (Ca)and gibberellic acid (GA;) have
critical effects on pollination and fruit set in
fruit orchards (Nyomora et al. 2000, Okamoto
and Miura 2005, Lee et al. 2009). In addition,
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it was also found that spring foliar applica-
tion B, GA; and Ca at suitable concentrations,
not only can improve pollination, pollen
germination and pollen tube growth, but also
should be beneficial for nut production (Zhu
et al. 1992, Yang et al. 2002, Guo and Xie
2013, Huang et al. 2013, Wang et al. 2014).
Various methods can be used to estimate
pollen viability and germination capacity
in Castanea species, such as staining with
tetrazolium salts (MTT) (Bounous et al.
1992), fluorescence microscopy (Bounous et
al. 1992, Fernando et al. 2006), and in vitro
germination (Bryhan and Serdar 2008). In
general, in the vitro pollen germination rate is
considered to be the best indicator of pollen
vigor (Acar et al. 2010). Pollen germination is
influenced by several factors including geno-
type, environment, and medium characteris-
tics (Bal and Abak 2005). Tang et al. (2013a)
reported variability in pollen grain germina-
tion among 14 Chinese chinquapin cultivars.
The pollen germination rate was greatly en-
hanced as the sucrose concentration increased
to 7.5%; however, as the sucrose concentra-
tion further increased, the pollen germination
rate decreased in some cultivars (Lai et al.
2017). The addition of 0.1~0.5% boric acid
to the medium increased pollen germination
(Zheng et al. 2004). Zheng et al. (2004) also
observed that the highest chinquapin pollen
germination (44.3%) occurred in a culture
medium component containing 1% agar and
10% sucrose at 30~35°C over a period of 8 h.
There have been several studies on pol-
len germination in chinquapin (Zheng et al.
2004, Tang et al. 2013a, b, Yang et al. 2014,
Lai et al. 2017); the pollen germination po-
tential and quality were found to differ among
genotypes (Bryhan and Serdar 2009). Little
information is available on pollen germination
of the cultivar C. henryi HCHJA-1. There-
fore, the objective of this study was to deter-
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mine the pollen germination and tube growth
in C. henryi HCHJA-1, using an orthogonal
design [Ly(3)’] method. Orthogonal designs
have been widely used in agricultural studies,
such as fertilization (Xiao et al. 2016), seed
germination (Ranil et al. 2015), and pollen
germination (Xiong et al. 2016). With an or-
thogonal design, we could determine optimal
levels of various factors with best combina-
tions through a small number of tests, but also
save manpower and material resources com-
pared with comprehensive experiments (Shao
2004). Therefore, in this paper, a 10-treatment
orthogonal experiment obtained results of a
combination of experiments, determined op-
timal levels of various factors, and developed
the best cultural medium combination for
chinquapin.

MATERIALS AND METHODS

Plant materials and pollen collection
Castanea henryi HCHJA-1 was col-
lected from a chestnut collection orchard at
the Central South University of Forestry &
Technology Center of Hongjiang (western
Hunan Province, China). Hongjiang is located
at 27°9°42” -N latitude and 109°49°28” -E
longitude. The average temperature, annual
rainfall, and annual sunshine hours are 17°C,
1246.7 mm, and 1415 h, respectively. The
chinquapin genotype HCHJA-1 was selected
from individuals growing in mountains and
forests in the region. Trees were grown in red
soil under ordinary management for commer-
cial fruit production. The average nut weight
of HCHJA-1 is 11.0 g, and nuts are rich in
nutrients (starch: 37.17%; fat: 0.70%; soluble
sugar: 5.52%; protein: 3.72%; vitamin C:
317.3 mg kg'; N: 0.60%; P: 826 mg kg'; K:
0.32%; Mg: 612 mg kg'; Ca: 382 mg kg™).
Mature catkins were randomly collected from
S-year-old C. henryi “HCHJA-1" in the full
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blooming stage on 18 May 2017. The catkins
were brought to the lab and laid on clean
black paper sheets at room temperature un-
til the anthers dehisced (Bryhan and Serdar
2009). Pollen grains were harvested in a clean
microcentrifuge tube and refrigerated at 4°C
before testing.

Experimental design

We used an orthogonal experiment
[Lo(3)’] test design to optimize the culture
medium for pollen germination rate of chin-
quapin (Xiong et al. 2016). The superscript
number “3” indicates 3 factors, “3” denotes 3
levels, and subscript number “9” indicates 9
treatments, from T1 to T9. Factors influenc-
ing pollen viability are concentrations of [A]
H;BO;, [B] CaCl,, and [C] GA,. Each fac-
tor had 3 levels of optimization. The control
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group (CK) denotes pollen germination in
medium containing 1% agar and 10% su-
crose. Tables | and 2 provide information on
the experimental parameters.

Pollen culture

We dissolved H;BO; and CaCl, in dis-
tilled water at different concentrations, of
20, 50, and 100 mg L". We then added 1%
agar and 10% sucrose (w/w) to the medium,
and warmed it in a microwave to dissolve
the sucrose and agar. We dissolved GA, in a
small volume of alcohol at different concen-
trations (20, 40, and 60 mg L'l), and added it
to the media together with 1% agar and 10%
sucrose. When the medium became cold and
semi-solid, pollen grains were scattered onto
the solidified medium surface using a brush
(Xiong et al. 2016). The plates were then

Table 1. Orthogonal experimental design, with 3 factors and 3 levels

Factor
Level ] ] ]
(A) H;BO; (mg L) (B) CaCl, (mg L™) (€) GA; (mgL")
1 20 20 20
50 50 40
3 100 100 60

Table 2. Orthogonal array of experiments on the pollen germination rate and pollen tube
length in Castanea henryi HCHJA-1

Treatment Factor (mg L") Pollen germination Pollen tube
(A) H,BO, (B) CaCl, (C) GA, rate (%) length (um)
CK 0.0 0.0 0.0 7.48" 36.28™
T1 20.0 20.0 20.0 22.78" 148.60"
T2 20.0 50.0 40.0 23.69° 192.10%
T3 20.0 100.0 60.0 19.15™ 89.03*
T4 50.0 20.0 60.0 13.02% 165.08%
T5 50.0 50.0 20.0 66.99° 414.00¢
T6 50.0 100.0 40.0 20.36™ 186.52
T7 100.0 20.0 40.0 41.56° 266.38°
T8 100.0 50.0 60.0 26.91¢ 239.67*"
T9 100.0 100.0 20.0 45.47° 273.65"

Note: Pollen germination rate and pollen tube length were measured after 48 h of incubation.
“Different letters in a column indicate a significant difference.
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covered and incubated at 35°C for 48 h in the
dark (Tang et al. 2013a, b). Each treatment of
3 replicates.

Measurements

After 48 h, grains of the germinated pol-
len were counted. Pollen grains were consid-
ered germinated when the length of the pollen
tube exceeded the grain diameter (Bryhan and
Serdar 2009). For each replicate, we random-
ly selected at least 3 optical fields that con-
tained approximately 50 pollen grains. The
germination rate was calculated according to
Xiong et al. (2016). For each treatment, the
lengths of at least 30 germinated pollen tubes
were measured by Imagel software (National
Institutes of Health, USA).

Statistical analysis

We performed a one-way analysis of
variance (ANOVA) to test the significance
of the 3 factors on the pollen germination
rate and tube length. Significant differences
among means were assessed using Duncan’s
multiple comparison at p < 0.05. Figures were
drawn with Origin Pro8.5 software (Origin
Laboratory, USA).

RESULTS

Pollen germination rate

The different media components affected
pollen germination in C. henryi. Significant
differences are shown in Tables 2 and 4. The
highest percentage of pollen grain germi-
nation was found in T5 (66.99%), and the
lowest in T4 (13.02%). Germination rates
depended on the treatment in the follow-
ing order: TS5 (66.99%) > T9 (45.47%) > T7
(41.56%) > T8 (26.91%) > T2 (23.69%) >
T1 (22.78%) > T6 (20.31%) > T3 (19.15%) >
T4 (13.02%) (Table 2, Fig. 3). H;BO,, CaCl,,
and GA, were the main factors affecting chin-
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quapin pollen germination rates (Table 3).
These results can be compared to the relative
order of the R-values: R. > R, > R;; (Table
3). Thus, the influence of the 3 factors on
chinquapin pollen germination rates occurred
in the following order of significance: GA,
concentration > H;BO, concentration > CaCl,
concentration. The optimal points were A;,
B,, and C,, which correspond to H;BO; at 100
mg L', CaCl, at 50 mg L", and GA, at 20 mg
L', respectively.

Pollen tube length

When pollen grains were incubated in
a germination medium for 48 h in darkness,
variations in the pollen tube length were
observed among all treatments. There were
significant differences in the pollen tube
length among the T1 to T9 treatments (Tables
2 and 4). The longest pollen tube was formed
in T5, and the shortest in T3; the relative
order of lengths among treatments was: T5
(414.00 pm) > T9 (273.65 um) > T7 (266.38
pm) > T8 (239.67 um) > T2 (192.10 pum)
> T6 (186.52 um) > T4 (165.08 um) > T1
(148.60 um) > T3 (89.03 um) (Table 2, Fig. 3).
H,BO,, CaCl,, and GA, were the main factors
affecting the chinquapin pollen tube length
(Table 3), with R-values in the order of R, >
Rc > Ry (Table 3). The relative influence of
the 3 factors on the pollen tube length was:
H;BO; concentration > GA, concentration
> CaCl, concentration (Fig. 2). The optimal
points were A;, B,, and C,, similar to those
for the pollen germination rate (Fig. 1).

DISCUSSION

Plant growth hormones such as GAj;,
indole-3-acetic acid (IAA), and abscisic acid
(ABA) influence pollen germination and tube
growth (Wu et al. 2008, Maita and Sotomayor
2015). Lower concentrations promote both
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Table 3. Range analysis for the pollen germination rate and pollen tube length in Castanea

henryi HCHJA-1

(A) H;BO; (B) CaCl, (C) GA;

Pollen germination rate (%) K1 65.62 77.36 135.24
K2 100.37 117.59 85.61

K3 113.94 84.98 59.08

X1 21.87 25.79 45.08

X2 33.46 39.20 28.54

X3 37.98 28.33 19.69

R 16.11 13.41 25.39

Pollen tube length (um) Kl 429.73 504.01 836.25
K2 765.60 845.77 645.00

K3 779.70 549.20 493.78

X1 143.24 168.00 278.75

X2 252.20 281.92 215.00

X3 259.90 183.07 164.59

R 116.66 113.92 114.16

Note: K; was obtained by summing the total number of columns corresponding to level i. Xi is the
mean value of Ki (i.e., K;/3), and R is the maximum X;minus the minimum X;.

Table 4. Variance analysis for the pollen germination rate and pollen tube length in

Castanea henryi HCHJA-1

Factor SS DF F p Significance
Pollen germination H;BO; 3,726.034 2 7.654 0.001 *
rate (%) Ca(Cl, 2,742.737 2 5.357 0.007 *

GA, 8,965.196 2 25.437 <0.001 *
Pollen tube length H,BO, 792,594.443 2 28.156 <0.001 *
(um) CaCl, 525,482.793 2 17.429 <0.001 *

GA, 589,592.436 2 19.871 <0.001 *

Note: DF = Degree freedom. F value = Mean square of between groups / within groups. The p-value

indicates a significant difference. SS = Sum of squares between groups. * Significant at the 0.01

level.

pollen germination and pollen tube growth,
whereas higher concentrations inhibit these
processes (Xiong et al. 2016). Numerous
studies have indicated that GA, regulates pol-
len germination rates in many different spe-
cies (Wu et al. 2008, Chen et al. 2013, Sun
et al. 2013). GA, plays a significant role in
promoting pollen germination in Armeniaca
vulgaris Shushanggan, Kalayuluke, and Yil-
iakeyuluke within the range 20~100 mg L™
(Sun et al. 2013). Chen et al. (2013) reported

that jujube pollen germination rates increased
at GA, concentrations of 0~10 mg L', and
decreased at 10~25 mg L. In this study, R-
values reflected the degree to which GA; in-
fluenced germination rates, indicating that the
GA, concentration was the most important
factor for chinquapin. As the concentration
increased from 20 mg L™ to 60 mg L', germi-
nation rates decreased in C. henryi HCHJA-1
(Fig. 1). Our results contradict those of a
study by Yang et al. (2014), who found that
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Fig. 1. Influence of 3 factors on the pollen germination rate in Castanea henryi HCHJA-1. A:
H;BO; concentration; B: CaCl, concentration; C: GA, concentration. Data are based on the

values listed in Table 3.

pollen germination rates increased as GA,
concentrations increased to 60 mg L', and
then began to decline at higher concentrations
in C. henryi cv. Bailuzi. Differences in pollen
tube length observed in the present study may
be a reflection of cultivar variability (Bryhan
and Serdar 2008). Thus, the genotype can
play an important role in pollen grain germi-
nation in chinquapin.

The boron concentration in a suitable
range is an essential factor promoting the
growth of pollen tubes (Xiong et al. 2016).
Previous studies reported that adding boron
increases the pollen germination rate. Suit-
able concentrations of boron promote pollen
germination and pollen tube growth in many
species (Acar et al. 2010). Chen et al. (2013)
found that the addition of 15 mg L™ boric acid
to the medium increased pollen tube growth
in jujube. Lee et al. (2009) observed that
within a range of 0~300 mg L', the boric acid
concentration was positively correlated with

pollen germination and pollen tube growth in
pear (Pyrus pyrifolia). In our study, R-values
indicated that the boron concentration played
the second most important role in determining
Castanea pollen germination rates and was
the most significant factor affecting pollen
tube growth. From 20 to 100 mg L™, as the
concentration increased, the germination rate
increased. This result was similar to that of
Yang et al. (2014).

Calcium (Ca®) is an indispensable ele-
ment affecting pollen germination and pollen
tube growth; it is beneficial to the transporta-
tion of assimilates and is directly involved
in the growth and regulation of pollen tubes.
Higher Ca®" concentrations will cause pollen
tube growth to be inhibited or completely
stopped (Brewbaker and Kwack 1963). Xiong
et al. (2016) found that when Ca®” concentra-
tions ranged from 4X 107 to 1.2X 10~ mol
L, feijoa germination rates and pollen tube
length decreased. These values were still
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Fig. 2. Influence of 3 factors on the pollen tube length in Castanea henryi HCHJA-1. A:
H;BO; concentration; B: CaCl, concentration; C: GA, concentration. Data are based on the

values listed in Table 3.

Fig. 3. Pollen germination and pollen tube length in Castanea henryi HCHJA-1 after incubation
for 48 h. For treatment symbol, T1~CK, refer to Table 2. Scale bars: TI~CK=200 pm.

higher than those of the control group, mean-
ing that Ca*" can promote pollen germination
and pollen tube growth. Tang et al. (2013b)
also reported that pollen germination and tube
growth were enhanced as Ca’* concentrations
increased to 50 mg L', and then decreased
at higher concentrations in C. henryi cv.
Tiezhen. In our study, from 20 to 100 mg L™,
germination rates increased at first, and then

decreased (Fig. 1). The CaCl, concentration
was the third influential factor in the present
study. Our results are in general agreement
with those of Tang et al. (2013b), who found
that the optimal CaCl, concentration for pol-
len germination and pollen tube length was
50 mg L. Our results may provide useful
information to facilitate chinquapin pollen
quality assessment and germination capacity.
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CONCLUSIONS

Pollen grain performance, including the
pollen grain germination and tube growth
rates, is an important component of success-
ful chestnut tree fertilization. In this paper,
we studied 3 factors that affect Castanea pol-
len vigor and found that each significantly
influenced pollen germination and pollen tube
length to a different extent. Pollen germina-
tion responded as follows, in order of signifi-
cance: GA, concentration > H;BO; concentra-
tion > CaCl, concentration; pollen tube length
showed the following: H;BO; concentration
> GA, concentration > CaCl, concentration.
Optimal conditions for promoting both pollen
germination and pollen tube length were 100
mg L' H,BO,, 50 mg L' CaCl,, and 20 mg L
GA,. These results provide important infor-
mation on pollen grain germination and tube
growth in this chinquapin cultivar, which may
be useful for foliar application during flower-
ing and may potentially improve nut yields.
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