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Summary. The effects on fruit set of adding forchlorfenuron (CPPU) to media in
which pollen grains were suspended and used for spray pollination was investigated
in ‘Hosui’ japanese pear ( Pyrus pyrifolia). The percentages of fruit set after spray
pollination were lower than those after hand pollination; however, media with 2 or
10 mg-L~' CPPU used for spray pollination resulted in greater percentages of fruit
set than media without CPPU. The media with CPPU also resulted in higher levels
of pollen germination compared with the medium without CPPU; however, the
number of seeds per fruit with CPPU treatment tended to be almost the same or less
than for fruit without CPPU treatment. From these results, the higher levels of fruit
set by CPPU might not be due to the high germination rate of the pollen grains but
due to the induction of partial parthenocarpic properties. The medium with

10 mg-L~! CPPU gave the highest levels of fruit set, but the fruit had abnormally
thickened and enlarged calyxes, and the fruit shape tended to be deformed at ~21
days after flowering. In addition, all of the harvested fruit were calyx-perpetual fruit
in which the calyx remains until harvest time. Fruit treated with 2 mg-L~! CPPU
also yielded calyx-perpetual fruit with high frequency, but the fruit had normal
calyxes and the fruit shape tended to be more normal. Thus, we conducted
experiments focusing on the medium containing 2 mg-L~! CPPU. Although the
results were variable from year to year, more than 70% of hand-pollinated flowers set
fruit during the 3-year study; this level of fruit production is sufficient for practical
use. Thus, spray pollination using a medium with 2 mg-L~! CPPU is an acceptable

method for pollinating ‘Hosui’ japanese pear.

apanese pear is one of the most

important fruit crops in Japan.

Most cultivars of japanese pear
are self-incompatible (Sakamoto et al.,
2009). In general, artificial pollination
by hand using compatible pollen with
a conventional feathered stick is used
for commercial production in Japan.
However, the effective period for arti-
ficial pollination is limited during the
flowering period. In addition, the suc-
cess of hand pollination is dependent
on environmental factors such as air
temperature, wind, and rainfall. Fur-
thermore, hand pollination is a labor-
intensive process resulting in high labor
costs. As an alternative, a spray pollina-
tion technique using aqueous pollen
grain solutions is expected to reduce labor
and other costs associated with fruit
tree cultivation. In kiwifruit, a practi-
cal technique was successfully estab-
lished through the development of
a pollen grain suspension medium
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(Hopping and Simpson, 1982). More
recently, a liquid pollen grain suspen-
sion medium thickened with agar was
also developed for kiwifruit [ Actinidia
chinensis (Yano et al., 2007)]. In the
case of japanese pear, a practical spray
pollination technique for ‘Kosui’, the
most popular cultivar in Japan, was
successfully established and has been
useful for reducing both material and
labor costs (Sakamoto et al., 2009).
However, fruit set using spray pollina-
tion varied among cultivars. The level
of fruit set in ‘Akizuki’ and ‘Shuurei’
after spray pollination was almost the
same as ‘Kosui’ [~67% to 97% of hand-
pollinated fruit (Sakamoto etal.,2014)],
but ‘Hosui’ and “Niitaka’ yielded poor
fruit set (less than 50% of hand-
pollinated fruit) with the same me-
dium as used for ‘Kosui’ (Naoyuki Hiura,

personal communication). Therefore,
a practical cultivar(s)-specific spray
pollination technique needed to be
developed.

The high fruit set of ‘Kosut’,
‘Akizuki’, and ‘Shuurei’ obtained by
spray pollination may be due to the
partial parthenocarpic properties of
these cultivars (Sakamoto et al., 2009,
2014). Treatments with gibberellin
and/or CPPU induce parthenocarpic
properties in several fruit (Sotomayor
etal., 2012; Watanabe etal., 2008), but
gibberellin also inhibits pollen germi-
nation in grape [ Vitis vinifera (Ohara
et al., 2005)]. Also, CPPU application
before and during the flowering period
induced partial parthenocarpic proper-
ties and resulted in higher levels of fruit
set compared with no pollination in
japanese pear, apple (Malus pumiin),
and kiwifruit (Ainalidou et al., 2015;
Niu et al., 2015; Zhang et al., 2008).

Based on these factors, we inves-
tigated the effects of CPPU on pollen
grain germination and its influences on
fruit set and fruit quality to establish
a spray pollination protocol in which
more than 70% of hand-pollinated
flowers would set fruit in Hosui, the
second most popular japanese pear
cultivar in Japan.

Materials and methods

Errects oF CPPU ON POLLEN
GRAIN VIABILITY. The pollen grains
used for all experiments in this study
were prepared as follows. Purified
pollen grains of ‘Xue Hua Li’ stored
a few years in a deep freezer (-30 °C)
were used. Before use, purified pollen
grains were acclimatized for 2 h at
15 °C, 100% relative humidity. Before
performing spray pollination experi-
ments in the field, we carried out
pollen germination tests to assess the
effects of CPPU on pollen grain via-
bility. The acclimatized pollen grains
were suspended at 0.3% (w/v) in
media containing 10% (w/v) sucrose
and 0.1% (w/v) agar supplemented
with 0, 2, or 10 mg-L™! of CPPU
(Kyowa Hakko Bio Co., Tokyo, Japan).
These suspension media were kept at

Units
To convert U.S. to SI, To convert Slto U.S.,
multiply by U.S. unit Sl unit multiply by
29.5735 floz mL 0.0338
28.3495 oz g 0.0353
1 ppm mg-L™ 1
(°F-32) = 1.8 °F °C (°*Cx1.8)+32
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20 °C for 0.5, 1, and 2 h. Aliquots
(0.2 mL) of each suspension medium
were subsequently spread on the sur-
faces of agar plates [1% (w/v) agar and
10% (w/v) sucrose] and the number of
germinated pollen were counted after
2 hat 25 °C as described by Yano et al.
(2007). As a control, pollen grains (not
in medium) kept at 20 °C for 0 and
2 h were also used in the pollen
germination test as a control. Three
plates were used for each treatment.
The germination rates were assessed
using a light microscope (Digital Fine
Scope VC3500; Omron, Kyoto, Japan).
The germination rate was determined
from ~100 pollen grains in each of
three areas per plate.

SPRAY POLLINATION EXPERIMENTS
IN THE FIELD. Field pollination exper-
iments were performed in 2010, 2012,
and 2013 at the National Institute of
Fruit Tree Science (Ibaraki, Japan)
using four (2010) and three (2012
and 2013) mature trees of ‘Hosui’
japanese pear. Pollen grains were
acclimated and then suspended in
media at a concentration of 0.3%
(w/v). Details of the media used for
the spray pollination experiments are
shown in the next section. Spray polli-
nation was carried out using a hand
sprayer provided by Furupra (Tokyo,
Japan). As a positive control, pollen
grains diluted to 1/5 (w/w) with
lycopodium  (Lycopodium  clavatum)
spores were used for hand pollination
using a conventional feathered stick.
A total of 60 flower clusters were used
for each treatment. Fifteen individual
flower clusters were selected for each
treatment per tree (four trees) in 2010,
and 20 individual flower clusters for
each treatment per tree (three trees)
were selected in 2012 and 2013. Sim-
ilar treatments were applied to flower
clusters on the same tree but not to
flower clusters on the same bearing
shoot. Since each flower cluster con-
tained 8 to 10 flowers, we reduced the
number of flowers to 5 flowers /cluster
by removing extra flowers at the bal-
loon stage. Then, each flower cluster
was covered with a paper bag to avoid
natural pollination. Pollinations were
carried out at the time of flowering, and
the treated flowers were again covered
with bags for ~3 weeks. Air tempera-
tures during the pollination treatments
were 17.9 °C in 2010, 16.9 °C in
2012, and 17.4 °C in 2013, and the
average air temperatures 1 week after
pollination were 10.0 °C in 2010,
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12.6 °C in 2012, and 12.2 °C in
2013, respectively. We also included
a set of flower clusters that were not
pollinated to be used as negative con-
trols for determining fruit and seed
set, and fruit quality.

SUSPENSION MEDIA FOR SPRAY
POLLINATION. All media contained
10% (w/v) sucrose to prevent the
pollen grains from bursting due to
osmotic shock. Agar at 0.1% (w/v)
was used to improve the dispersion of
pollen and the viscosity of the media
according to the method of Sakamoto
et al. (2009). As shown in Table 1,
three kinds of media supplemented
with 0, 2, and 10 mg-L™!' of CPPU
were used in the 2010 experiment. In
2012 and 2013, two kinds of media
supplemented with 0 and 2 mg-L" of
CPPU were used in the experiments.
In 2013, a medium supplemented
with 2 mg-L™ of CPPU and contain-
ing no pollen grains was used for the
experiment in addition to the above
described set of conditions. In parallel
with the pollination experiments in the
field, the germination rates of pollen in
all media were checked at the beginning
and the end of each pollination pro-
cedure (pollination experiments took
~3 h) by the pollen germination test,
as described above. The germination
rates of the pollen used for hand
pollination were also checked.

EVALUATING THE EFFECTS OF THE
SUSPENSION MEDIA ON FRUIT SET AND
FRUIT QUALITY. The percentages of
fruit set were determined ~21 d after
flowering. After measuring fruit set,
fruit was thinned to one fruit per
flower cluster, and the fruit load per
branch was adjusted with fruit that
were not used for the study according
to the usual commercial practices in
Japan. Fruit from all treatments were
harvested during the normal com-
mercial harvest period, from the end
of August to the middle of Septem-
ber. The quality of all harvested fruit
for each treatment was assessed as
follows. Fruit weight, the index of
irregular fruit shape (calculated using
the ratio of maximum width to height
of the fruit), and the number of seeds
per fruit were determined. Total sol-
uble solids (percent) and the pH ofjuice
extracted from the flesh at opposite sides
of the fruit were determined using a re-
fractometer (PR-101o; Atago, Tokyo,
Japan) and a pH meter (twin pH B-212;
Horiba, Kyoto, Japan), respectively.
In the CPPU treatment without

pollen, only eight fruit were har-
vested. For other treatments, 35-57
fruit per treatment were harvested.

The data were analyzed by a one-
way analysis of variance for each year
and tested for significant differences
among treatments by Tukey—Kramer
test at P < 0.05.

Results and discussion

Errect oF CPPU ON POLLEN
GRAIN GERMINATION. Before perform-
ing spray pollination experiments in
the field, we carried out pollen ger-
mination tests to assess the effects of
CPPU on pollen grain viability. The
pollen germination rate of pollen
grains (no medium) kept at 20.0 °C
for 2 h did not change with time
(Fig. 1). When pollen grains were sus-
pended in a medium without CPPU
(0 mg-L'), the germination rates
tended to decrease with time and,
after 2 h, the rate was significantly
lower than that of pollen grains not
suspended in medium (Fig. 1). When
pollen grains were suspended in me-
dium with 2 mg-L™! CPPU, the pollen
germination rates after 0.5, 1,and 2 h
were significantly higher than for those
in medium without CPPU (Fig. 1).
Also, when pollen grains were sus-
pended in a medium with 10 mg-L™!
CPPU, the germination rates after
1 and 2 h were significant higher
than for those in a medium without
CPPU. The germination rates of
pollen grains incubated for 2 h in both
CPPU-containing media were almost
the same as those for pollen grains not
suspended in medium (Fig. 1).

According to several past reports,
grape and almond pollen germination
in the presence of a synthetic cytokinin
was significantly lower than that of the
control (Sotomayor et al., 2012; Wang
etal., 2013). In this experiment, CPPU
contributed to the improved viability of
japanese pear pollen in suspension me-
dia. Possibly, the effect of this synthetic
cytokinin on pollen grain germination
may vary depending on the dose or
timing of the treatment. These para-
meters remain to be elucidated in the
near future.

EFFECTS OF SUSPENSION MEDIA
ON POLLEN GRAIN VIABILITY IN THE
FIELD. The pollen germination rates at
the beginning of each pollination pro-
cedure in the field revealed no signifi-
cant differences among the treatments
in 2012 and 2013 (Fig. 2). At the
end of each pollination procedure
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Fig. 1. Effects of forchlorfenuron (CPPU) addition on pollen germination rate
in ‘Hosui’ japanese pear. Pollen germination was tested by measuring pollen
germination rates after incubating the pollen grains in media supplemented with
CPPU. The acclimatized pollen grains were suspended at 0.3% (w/v) in media
containing 10% (w/v) sucrose and 0.1% (w/v) agar supplemented with 0, 2, or
10 mg-L~* of CPPU. These suspension media were kept at 20 °C (68.0 °F) for
0.5, 1, and 2 h. As a control, the germination of pollen grains (not in medium)
kept at 20 °C for 0 and 2 h also was tested. Three plates were used for each
treatment. The germination rates were counted the number of germinated pollen
grains using a microscope after 2 h at 25 °C (77.0 °F). Different letters above the
bars within a graph indicate significant differences by Tukey-Kramer test at
P < 0.05. Vertical bars indicate SE (n = 3); Cont. = control (pollen grains
acclimatized only); 1 mg-L~! =1 ppm.
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Fig. 2. Effects of forchlorfenuron concentration on pollen germination rates of ‘Hosui’
japanese pear in 2012 and 2013 at the beginning (white bars) and end (black bars) of
pollination experiments. Different letters above the bars within a graph indicate
significant differences by the Tukey—Kramer test at P< 0.05. Vertical bars indicate SE
(n = 3); hand = hand pollination; agar = 0.1% agar; 1 mg:-L~! = 1 ppm.
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(pollination experiments took =3 h),
the pollen germination rates were
lower than those after hand pollina-
tion, irrespective of the type of sus-
pension media used. However, the
pollen in the medium with 2 mg-L™
CPPU showed a significantly higher
germination rate than that in the
medium without CPPU at the end
of'the pollination procedure (Fig. 2).
Therefore, CPPU may contribute to
improved pollen grain viability in sus-
pension media for practical use.
EFFECTS OF SPRAY POLLINATION
ON FRUIT SET AND FRUIT QUALITY. The
average percentage of fruit set per flower
cluster containing five flowers for each
treatment is shown in Table 1. For all
treatments and years, the data shown
are the averages for 60 flower clusters.
The percentages of fruit set after
spray pollination without CPPU were
lower than those after hand pollina-
tion in all 3 years and ranged from
48% to 72% of the hand-pollinated
rate. Temperatures during and after
pollination influenced the variation in
the percentage of fruit set by year. In
particular, fewer pollen grains adhered
to the stigmata with spray pollination
compared with hand pollination in
crimson glory vine [ Vitis coignetine
(Kimura et al., 1998)]. We assumed
that spray pollination was easily affected
by temperature; however, media con-
taining CPPU gave significantly higher
percentages of fruit set than media
without CPPU, ranging from 71% to
106% of the hand-pollinated rate
(Table 1). These results suggested
that the addition of CPPU stabilized
fruit set for spray pollination. In
2010, the medium with 10 mg-L™!
CPPU gave the highest levels of fruit
set that was almost the same as that
achieved by hand pollination. Nev-
ertheless, fruit resulting from polli-
nation with media containinglQ
mg-L! CPPU had abnormally thick
and perpetually enlarged calyxes 21
d after pollination with a frequency of
~100% (Fig. 3D), even though the
calyx usually falls off ‘Hosui’ fruit by
the middle of May (Fig. 3A and B).
During early stages of fruit growth,
CPPU or high daytime temperatures
will promote cell division that can
induce the calyx-perpetual trait in fruit
(Watanabe et al., 2003; Zhang et al.,
2008). In addition, media contain-
ing 10 mg-L' CPPU tended to
increase the degree of fruit deforma-
tion (Fig. 3D). On the other hand,
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Table 1. Effects of suspension media and pollination methods on the rate of fruit set and number of seeds in ‘Hosui’ japanese
pear in 2010, 2012, and 2013. Three kinds of media supplemented with 0, 2, and 10 mg-L~* forchlorfenuron (CPPU) were
used in the 2010 experiment. In 2012 and 2013, two kinds of media supplemented with 0 and 2 mg-L~' CPPU were used in
the experiments. All media included 0.1% agar and 10% sucrose.

CPPU concn Fruit set (%)” Seeds [no. /fruit (no. fruit analyzed)]*
Pollination method (mg-L™1)* 2010 2012 2013 2010 2012 2013
Spray 0 36 ¢V (48) 49 ¢ (57) 62 b(72) 3.3b(38) 4.9 b (36) 3.3a(35)
Spray 2 58 b (73) 61b(71) 81 a (94) 2.3b(54) 4.8b(37) 2.5a(38)
Spray 10 82 a (1006) — — 1.8 ¢ (57) — —
Hand — 77 a(100) 86a(100) 86a(100) 4.6 a(55) 5.8a(33) 2.9a(43)
Spray (no pollen) 2 — — 29 ¢ (34) — — 0(8)
No pollination 0 0 0

“1 mg-L™" = 1 ppm.

YAverage percentage of fruit set in each cluster of five flowers; 60 flower clusters counted. Fruit set of hand-pollinated flowers was set to 100; the other pollination methods are
expressed as fold ratios compared with hand pollination and are shown in parentheses.

*Determined at harvest time.

“Different letters within a column indicate significant differences by Tukey—Kramer test at P< 0.05.

"Not tested.

Fig. 3. Effects of forchlorfenuron (CPPU) concentration on the formation of
calyx-perpetual fruit in ‘Hosui’ japanese pear: hand pollinated (A), CPPU

0 mg-L~! (B), CPPU 2 mg-L~! (C), and CPPU 10 mg-L~* (D). All fruit were
photographed at 26 d after full bloom; 1 mg-L~' = 1 ppm.

fruit resulting from pollination with
media containing 2 mg-L™ CPPU also
had a high frequency of the calyx-
perpetual trait, but the calyxes were
normal and the fruit shape tended to
be less deformed unlike the fruit
pollinated with 10 mg-L™* CPPU
(Fig. 3C). In this study, we did not
recognize differences in fruit shape
at harvest between treatments with
2 and 10 mg-L' CPPU; however,
Niu et al. (2015) reported that a
20 mg-L* CPPU treatment resulted
in abnormally shaped, large fruit with
extraordinarily expanded calyx tubes.
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Thus, we conducted experiments fo-
cusing on media containing 2 mg-L™*
CPPU in 2012 and 2013. Media con-
taining 2 mg-L' CPPU gave signifi-
cantly higher levels of fruit set than
media without CPPU in all years, and
fruit set levels were similar to that for
hand pollination in 2013.

Fruit quality measurements after
spray pollination using media with/
without CPPU in comparison with
hand pollination are shown in Table 2.
Calyx-perpetual fruit resulting from
CPPU treatment significantly incre-
ased compared with the control. In

addition, harvest time (average date
between the first and last dates of the
harvest) was delayed 3 to 7 d in fruit
resulting from CPPU (2 mg-L™) treat-
ment (Table 2). Notably, there were
no significant differences in fruit weight
among any of the pollination treat-
ments. Furthermore, there were no
significant differences among any of
the treatments for the fruit shape index
(exceptin 2012), the total soluble solids
(%), or the pH in all 3 years. From these
results, we concluded that a pollen sus-
pension medium containing 2 mg-1!
of CPPU was suitable for use in spray
pollinating ‘Hosui’ japanese pear.
Application of 20 to 100 mg-L™
CPPU before and during the flower-
ing period induced partial partheno-
carpic properties in pear (Niu et al.,
2015; Zhang et al., 2008). Accord-
ingly, we also investigated treatments
in which the flower clusters were not
artificially pollinated or the flower
clusters were treated with media sup-
plemented with 2 mg-L' of CPPU
only (no pollen). When the flower
clusters were treated with 2 mg-L™
CPPU only (no pollen) in 2013, the
average fruit set was 29%. On the
other hand, when the flower clusters
were not artificially pollinated, fruit
set was not observed in any of the
years. From these results, we assumed
that the flowers treated with CPPU
could set fruit without seeds due to
the induction of parthenocarpy by
CPPU. Thus, we hypothesized that
the level of fruit set after spray polli-
nating cultivars that have weak par-
thenocarpic properties, like Hosui,
was improved by supplementing the
pollination media with CPPU. Usu-
ally, a high pollen germination rate is
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of that achieved by hand pollination.

2010
4839 a
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