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ABSTRACT
“Autonomous fruit set” refers to self-pollination and fruit set without pollen vectors such as vibration
or insects. Autonomous fruit set under high-temperature stress is an important breeding goal as climate
change can reduce fruit yields in Capsicum. We screened Capsicum cultivars for autonomous fruit set abil-
ity in a greenhouse environment and investigated pollen germination, viability, pollen grains number, chlo-
rophyll fluorescence (Fv/Fm), style length, anther cone length, and anthesis stage under high temperatures
in order to identify indicator traits for screening more genotypes with autonomous fruit set ability. The fruit
set of the ‘Takanotsume’ (57.7 £20.6%) and ‘Goshiki Kyokko’ (52.2 +14.2%) cultivars (both C. annuum)
were higher than those of other cultivars. Correlation analysis showed that pollen germination had the high-
est correlation with fruit set in C. annuum cultivars (r = 0.63). These results indicate that ‘Takanotsume’
and ‘Goshiki Kyokko’ are useful cultivars for novel breeding programs focusing on autonomous fruit sets
under high temperatures, and pollen germination in C. annuum was a convincing candidate for an indicator

trait of autonomous fruit set ability under high temperatures.

Key words: chili pepper, fruit set, greenhouse cultivation, heat stress, ornamental pepper, pollen germina-
tion, sweet pepper

INTRODUCTION

Global climate change is causing a gradual in-
crease in ambient temperatures. Climate models
predict that by the end of the 21st century, average
temperatures will continue to rise by 0.3-1.7°C or
even by 2.6-4.8°C as estimated by Representative
Concentration Pathways scenarios 2.6 and 8.5
(IPCC 2014), respectively. Tubiello et al. (2007) es-
timated that the gradual rise in temperature pre-
dicted for the first half of the 21st century could lead
to an increase in crop yield in high-temperate and
high-latitude regions and a decrease in yield in sem-
iarid and tropical regions. The additional warming
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expected for the second half of the 21st century
would adversely affect yields globally. In fact, the
negative effects of climate change on the yields of
some crop species in some areas have already been
reported (Lobell & Asner 2003; Peng et al. 2004).
Reproductive ability in plants is expected to de-
crease as temperature increases because of global
warming (Hedhly et al. 2008; Driedonks et al. 2016;
Mesihovic et al. 2016), resulting in decreased yields.

The Capsicum genus includes important
crops such as chili, bell pepper, and ornamental
forms. This genus belongs to the Solanaceae fam-
ily and consists of several wild species and five
domesticated species: C. annuum, C. chinense,
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C. frutescens, C. pubescens, and C. baccatum
(Bosland & Votava 2000). C. annuum is the most
widely cultivated species in the world and in-
cludes both pungent and nonpungent cultivars.
Most cultivars of C. chinense and C. frutescens
are highly aromatic and pungent (Bosland & Vo-
tava 2000) and are often produced in tropical and
subtropical regions. Recently, these Capsicum
species have also been cultivated in temperate re-
gions such as Japan, occasionally in greenhouses.

Self-pollination that occurs when pollen falls
to the stigma in the absence of a pollen vector is
called “autonomous self-pollination”, “autonomous
autogamy” (Richards 1986), or “autofertility”
(Yashiro et al. 1999). In greenhouse cultivation,
there are no pollinators or wind unless artificially
introduced. “Autonomous fruit set” refers to self-
pollination and fruit set without any promotive
treatments. Tomatoes and chili peppers have the
ability to set fruits without stimulation also in green-
houses. In particular, we considered that chili pep-
pers have a strong ability to autonomous fruit set
since they are actually cultivated without artificial
pollination. However, under high temperatures,
even chili peppers cannot maintain their ability to
set fruits autonomously in greenhouses.

The fruit set and reproductive abilities de-
crease under high temperatures, which is a major
problem for agricultural productivity in Solanaceae
species, including Capsicum spp. The fruit set and
pollen viability of C. annuum were shown to de-
crease under a mild heat treatment at 33 °C for
120 h (Erickson & Markhart 2002), whereas in
C. chinense, such a decrease was observed at tem-
peratures above 35 °C (Garrufia-Hernandez et al.
2012). There are numerous traits related to fruit set
under high temperatures. For example, pollen ger-
mination and pollen viability, as well as flower mor-
phology — both style, anther length, anther dehis-
cence, pollen dispersal, and ovule fertility — affect
fruit set under high-temperatures conditions (Levy
et al. 1978; Sato et al. 2006). Attempts have been
made to search for high-temperature-tolerant geno-
types having genes associated with this trait (Reddy
& Kakani 2007; Gajanayake et al. 2011; Ayenan et

al. 2021) or related genes (Xu et al. 2017; Sun et al.
2019) and to breed heat-tolerant cultivars by intro-
gression of genes (Rani et al. 2021; Usman et al.
2018) in Solanaceae.

Previously, we found an F; hybrid of
C. chinense with autonomous fruit set ability in
high-temperature greenhouses, although both parent
cultivars ‘Sy-2’ and ‘No. 3686°, which seldom set
fruit autonomously under high temperatures (Yama-
zaki & Hosokawa 2019). However, little is still
known about the genotype of Capsicum with the
ability of autonomous fruit set in hot climate and in
high-temperature greenhouses. Consequently, more
Capsicum genotypes with autonomous fruit set abil-
ity in high greenhouse temperatures should be fur-
ther explored. Thus, the first aim of this study is to
identify cultivars that can set fruit autonomously un-
der high-temperature stress. In addition, indicator
traits are needed to screen more genotypes that have
autonomous fruit set ability under high tempera-
tures. According to Zhou et al. (2015), the chloro-
phyll fluorescence parameter Fv/Fm can be used to
select tomato genotypes for their thermotolerance in
autonomous fertility. The second aim is to identify
indicator traits in order to screen and find more gen-
otypes with autonomous fruit set abilities under
high temperatures. Therefore, we investigated vari-
ous traits related to the fruit sets and tested the cor-
relation between each trait, and autonomous fertility.

MATERIALS AND METHODS

Plant materials and growth conditions in the
greenhouse and in the incubator

Thirteen Capsicum cultivars of the pungent, non-
pungent, and ornamental peppers commonly culti-
vated in Japan were used for screening their ability
to autonomous fruit set under high temperatures
(Table 1). The genotypes for the experiment were
selected on the basis of their importance in Japa-
nese horticulture and the results of the previous ex-
periment (unpublished data). We admittedly stated
in previous experiments that ‘Peruvian Purple’
seldom sets fruits under high temperatures, but we
would like to reconfirm this information because
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it is attractive for cultivation due to its compact
growth. The edible (pungent and nonpungent) cul-
tivars of C. annuum were represented by 8 or more
individuals, the ornamental cultivars of C. annuum
by 4-5 individuals, and the species other than
C. annuum by 3-5 individuals. The seedlings were
planted in the greenhouse at the Kizu Experimental
Farm of Kyoto University (34°73'N, 135°84'E).
The greenhouse was covered with an insect-proof
net to prevent pollination by insects. No external
treatments to promote fruit sets, such as vibration
and hormonal treatments, were performed. Tem-
perature was recorded every 10 minutes (Fig. 1A,
B) using a temperature sensor (SHA-3151; T&D
Corporation, Nagano, Japan) connected to a data
logger (TR-72wb-S; T&D Corporation). The sur-
vey periods under high temperatures were from
July 8 to 28, and those under moderate tempera-
tures were from September 16 to October 7 in 2021.

Separate greenhouse and incubator experi-
ments were performed to compare fruit set and pol-
len germination on ‘Takanotsume’ and ‘Peruvian
Purple’ (greenhouse) and ‘Takanotsume’ and ‘Mu-
rasaki’ (incubator). We would like to reconfirm
a high percentage of fruit setting of ‘Takanotsume’
under high temperatures (Table 2). ‘Peruvian Purple’
and ‘Murasaki’ were chosen due to their genetically
close relation and because ‘Murasaki’ is attractive
for their compact growth. Three months old seed-
lings were planted, and fruit set and pollen germina-
tion were investigated after one month of growth.
An incubator (LH-240SP; Nippon Medical &
Chemical Instruments, Osaka, Japan) with the high-
temperature condition according to Yamazaki and
Hosokawa (2020) was used. The light and tempera-
ture regimes were 7:00-10:00, 30°C and light,
10:00-16:00, 35°C and light, 16:00-19:00, 30°C
and light, and 19:00-07:00 20 °C and dark.

Table 1. Capsicum cultivars used for screening of autonomous fruit set ability under high temperatures

in the greenhouse

Cultivar Species Number of individuals Cultivar type
‘Takanotsume’ C. annuum 8 pungent
‘Nikko’ C. annuum 9 pungent
‘Furu-pi-yellow’ C. annuum 11 nonpungent
‘Furu-pi-red’ C. annuum 11 nonpungent
‘Onikis Red’ C. annuum 5 ornamental
‘Colorful Mix’ C. annuum 4 ornamental
‘Uchu Cream Red’ C. annuum 5 ornamental
‘Goshiki Kyokko’ C. annuum 5 ornamental
‘Shima Togarashi’ C. frutescens 4 pungent
‘Bishop’s Crown’ C. baccatum 5 ornamental
‘Sy-2’ C. chinense 3 pungent
‘No. 3686’ C. chinense 3 pungent
F1 hybrid of ‘Sy-2’ x ‘No. 3686’ C. chinense 3 pungent
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Measurement of the autonomous fruit set per-
centages

At the beginning of the experiment, five young
branches without any fruits were marked. On the
last day, fruits of these branches were harvested and
the number of fruits and traces of falling flowers
were counted. The percentage of fruit set was calcu-
lated based on these data.

Evaluation of number, viability, and germination
percentages of pollen

On the day of the anthesis (when the petals open),
two flowers from each individual were collected be-
tween 9:00 and 11:00. Pollen viability was evalu-
ated through the FDA/PI staining method described
in Ascari et al. (2020). Pollen grain numbers were
counted using a Thoma hemocytometer (Erma,
Saitama, Japan). Pollen germination percentages
were calculated based on the method reported by
Yamazaki and Hosokawa (2019). Pollen was sus-
pended in the liquid medium, which included 5%
sucrose and 100 ppm boric acid, and agar medium
was prepared by adding 1% agar to it. The liquid
medium with suspended pollen was spread on the
agar medium and left overnight in the incubator.
The temperature for greenhouse cultivation was set
at 25 °C. The incubation temperatures for incubator
cultivation were 25 °C, 30 °C, 35 °C, and 40 °C.
Evaluation of flowers’ morphology

Style length and anther length were measured at the
same time using an electronic caliper. On the day of
flowering, the anther stages, ranging from 1 to 4,
were determined as described in Yamazaki and Ho-
sokawa (2018). The anthers of stage 1 do not dehis-
cence at all. The anthers of stages 2, 3, and 4 were
dehisced only at the tip, half, or whole, respectively.
Measurement of Fv/Fm

Fv/IFm was measured from 14:00 to 16:00 using
a handheld chlorophyll  fluorometer (FluorPen
FP100; Environmental Measurement Japan, Fuku-
oka, Japan). The night before conducting the meas-
urement, leaves were covered with aluminum foil.
Observation of pollen tube elongation in pistils
pollinated by hand

Pollen tube elongation was observed by aniline blue
staining according to Yamazaki and Hosokawa
(2019). The stigmas of ‘Takanotsume’ and ‘Murasaki’

cultivated in the high-temperature incubator were
pollinated by their own pollen. Before the flower
opening, all anthers of each flower were removed
and pollinated by hand. Flowers were collected 24
h after pollination and fixed in acetic acid/ethanol
(1:3) for 1 h. The flower samples were washed
with distilled water, immersed in 8N NaOH, and
kept at room temperature overnight. Pistils were
stained with a 0.1% (w/v) aniline blue solution at
4 °C inthe dark. The samples were placed on a glass
slide and covered with a glass coverslip, followed
by observation with a fluorescence microscope
(BX51; OLYMPUS, Tokyo, Japan). The excitation
and emission wavelengths for pollen tube observa-
tion were 330-385 nm and 420 nm, respectively, us-
ing an ultraviolet excitation filter.

Statistical analyses

Correlation analysis, t-test, y-square test, analysis of
variance method, and the Tukey—Kramer test were
performed in R ver. 4.0.3 (R Core Team 2020).

RESULTS

Effect of high and moderate temperatures on the
ability of autonomous fruit set
‘Takanotsume’ and ‘Goshiki Kyokko” had the highest
fruit set, more than 50%, compared to other cultivars
(0-25.5%) during the high-temperature period (Table
2). There were no significant differences between
cultivars grown in the moderate-temperature condi-
tions, although both the aforementioned cultivars had
the highest fruit set. The genotypes ‘Sy-2’ and
‘No. 3686’ did not set fruits, because the air temper-
ature was too low for C. chinense at the end of the
moderate season. Fruits of all cultivars contained
many seeds, and there were no parthenocarpic fruits
in both periods of high and moderate temperatures.
There were frequent days and many hours in
which the temperature exceeded 35 °C during the
high-temperature period (Fig. 1A), whereas the air
temperature rarely exceeded 35 °C during the mod-
erate-temperature period (Fig. 1B).
Number of pollen grains, viability, and germi-
nation
‘Furu-pi-yellow’ and ‘Furu-pi-red’ had significantly
higher numbers of pollen grains than other cultivars.
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There were no significant differences in pollen via-
bility between all cultivars. Pollen germination of
‘Shima Togarashi’ was the highest among all culti-
vars grown under high temperatures, and ‘Bishop’s
Crown’ among cultivars grown under moderate
temperatures (Table 2). ‘Takanotsume’, ‘Goshiki
Kyokko’, and F1 hybrid tended to have a higher pol-
len germination rate than other cultivars. There were
no significant differences in pollen germination un-
der moderate temperatures.

Fv/IFm

In the plants ‘Furu-pi-yellow’ and ‘Furu-pi-red’
grown under a high-temperature period, the highest
Fv/Fm value was recorded in comparison with the
Fv/Fm of plants grown at the moderate-temperature
period (Table 2). In ‘Takanotsume’, ‘Onikis Red’,
and ‘Colorful Mix’ the value of Fv/Fm was lower
under high temperatures.

Flowers development

‘Furu-pi-yellow’, ‘Furu-pi-red’, and ‘Bishop’s
Crown’ followed by ‘Nikko’ had the longest anthers
of any cultivar grown under high temperatures (Ta-
ble 2). ‘Takanotsume’, ‘Nikko’, ‘Furu-pi-yellow’,
and ‘Furu-pi-red” had the longest style lengths.
C. chinense cultivars had the shortest anther and
style lengths. A similar trend was observed under
high and moderate temperatures. The anthers of
C. annuum cultivars matured earlier than in other
species except for the F1 hybrid under high temper-
atures. There was no significant difference in the an-
thers stages between any cultivars under moderate
temperatures.

Correlation analysis for each trait under high
temperatures

Correlation analysis was performed only for C. an-
nuum to extract the indicator traits of the cultivars
with the autonomous fruit set ability under high
temperatures. A positive correlation between pollen
germination and fruit set was significant in C. an-
nuum cultivars (Fig. 2A). Positive correlations be-
tween anther cone length and pollen numbers, and
between style length and anther cone length were
also significant under high temperatures. However,
any correlations between analyzed traits were not
significant under moderate temperatures (Fig. 2B).
Evaluation of autonomous fruit set ability under
stable high-temperature conditions in the incu-
bator

‘Takanotsume’ had a significantly higher (p = 0.05)
percentage of fruit set under high stable tempera-
tures than ‘Peruvian Purple’ (Table 3, Fig. 3). ‘Taka-
notsume’ also had a higher pollen germination rate
than ‘Peruvian Purple’. There were frequent days
when the maximum temperature exceeded 35 °C
during the reconfirmation survey (Fig. 1C). In addi-
tion, ‘Takanotsume’ tended to have a higher fruit set
and had significantly higher pollen germination
than ‘Murasaki’ in the high-temperature incubator.
The pollen germination of ‘Takanotsume’ was
higher than that of ‘Murasaki’ at any of the culture
temperatures of 25 °C, 30 °C, 35 °C, and 40 °C (Ta-
ble 3, Fig. 4A). At this time, more pollen tubes of
‘Takanotsume’ were observed in both pistils (Fig.
4B, C, D, E).

Table 3. Percentage of fruit set and pollen germination rate in the confirmation survey on plants grown in

a stable high temperature in the incubator

Cultivation place Cultivar Fruit set (%) Pollen germination (%)
Greenhouse ‘Takanotsume’ 22.9 £ 6.0¢ 17.1£9.7
‘Peruvian Purple’ 0.0+0.0 1.8+0.7
p-value 0.063Y 0.25Y
Incubator ‘Takanotsume’ 16,7 17,3
‘Murasaki’ 2,8 4,0
p-value 0.15% <0.001Y

Zvalues are the means = SE of each cultivar;
Y p-value was calculated by Welch’s t-test;
X p-value was calculated by y-square test
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Figure 3. Difference in fruit set under high-temperature conditions of plants grown at the high-temperature period: (A) ‘Taka-
notsume’ and (B) ‘Peruvian Purple’. The photos were taken on August 30, 2020. The brown ruler shows 30 cm

A 50 N N %
40
8 0 - -
2 2 T -
0o k- [ — —F—
30 35 40

Incubation temperature (°C)

Cultivar |:| Takanotsume I:l Murasaki

Figure 4. Germination of pollen of plants grown in the high-temperature incubator (A). Incubation temperatures were 25 °C, 30 °C,
35°C, and 40°C. The asterisks indicate 5% level of significance obtained with t-test. (B), (C), (D), and (E) show pollen tube
elongations in the pistils of ‘Takanotsume’ pollinated by ‘Takanotsume’ (B) and ‘Takanotsume’ pollinated by ‘Murasaki’ (C).
Pollen tube elongations in the pistils of ‘Murasaki’ pollinated by ‘Takanotsume’ (D) and ‘Murasaki’ pollinated by ‘Murasaki’ (E).
Scale bars are 1 mm in (B) and (C), and 500 um in (D) and (E)
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DISCUSSION

The ability of autonomous fruit set decreases
under high temperatures in Solanaceae species, in-
cluding Capsicum. Most Capsicum species are sen-
sitive to temperatures above 35 °C and reduce fruit
set under such conditions (Erickson & Markhart
2002; Garruna-Hernandez et al. 2012). Our previ-
ous study also suggested that Capsicum plants have
low fruit sets when the maximum temperature is
35 °C or higher (Yamazaki & Hosokawa 2019).
Thus, cultivars setting fruits autonomously in these
conditions are required to ensure fruit vegetable
yields, especially in cultivation under covers and in
the context of global warming. In this study, the
‘Takanotsume’ grown for spices and ‘Goshiki
Kyokko’ of ornamental value were found to poten-
tially have a high fruit set and pollen germination

ability during growing in high temperature (Table 2).

The fruit set abilities of these cultivars were con-
sistent with our past observations (Yamazaki & Ho-
sokawa 2019). In particular, the ability of autono-
mous fruit set under high stable temperatures in
‘Takanotsume’ was reconfirmed (Table 3). In addi-
tion, ‘Takanotsume’ was confirmed to have a high
pollen germination rate even under high tempera-
tures (Figure 4). We previously found that the F; hy-
brid of ‘Sy-2’ and ‘No. 3686’ also set fruits autono-
mously under high temperatures. The autonomous
fruit set ability under high temperatures of ‘Taka-
notsume’ and ‘Goshiki Kyokko’ were much higher
than that of the F; hybrid.

‘Takanotsume’ is phylogenetically classified in
the Chili group, which is closely related to the ‘Hon-
taka’ and ‘Yatsubusa’ cultivars (Erwin 1929). In addi-
tion, this cultivar has been classified as similar to ‘Shi-
shi Togarashi’, which is closely related to “Yatsubusa’
(Konisho et al. 2005), using EST-SSR markers (Shi-
rasawa et al. 2013). Conversely, ‘Goshiki Kyokko’
is classified into the Goshiki group in the Japanese
cultivar classification or into the Celestial group based
on Erwin’s classification and is genetically different
from ‘Takanotsume’ (Kumazawa et al. 1954). In this
study, both ‘Takanotsume’ and ‘Goshiki Kyokko’

showed a similarly high fruit set and pollen germi-
nation compared to other cultivars during the high-
temperature period despite their different origins.
Obtaining cultivars capable of setting fruit autono-
mously under high temperatures in different phylo-
genetic groups is useful because it enhances the pos-
sibility of breeding high-temperature-tolerant culti-
vars. Most cultivars other than C. annuum had low
autonomous fruit set ability under high tempera-
tures in this study. Thus, more genotypes capable of
autonomous fruit set under high temperatures
should be found for breeding a wide variety of Cap-
sicum cultivars.

The most reliable plant research results can be
obtained under cultivation conditions. However,
conducting such experiments is laborious and costly.
Therefore, it is especially valuable to find marker
traits related to the trait sought by the breeder. The
Fv/Fm parameter related to type Il photosynthesis is
used, inter ales in tomatoes, as an indicator of pho-
toinhibition (Zhou et al. 2015). However, the Fv/Fm
of ‘Takanotsume’ was 0.64, which was lower than
in some other cultivars without autonomous fruit set
ability under high temperatures, although Fv/Fm
varies between 0.7 and 0.8 when there is no abiotic
stress in Capsicum (Gisbert-Mullor et al. 2021).
A correlation between fruit set and Fv/Fm was not
significant in the Capsicum cultivars in the present
study (Fig. 2), suggesting that Fv/Fm cannot be used
as an indicator trait correlated with autonomous
fruit set ability under high temperatures in Capsicum.

The highest positive correlation was found be-
tween pollen germination and fruit set in some C. an-
nuum cultivars. It has been previously reported that
pollen germination is important for the fruit set rate
at high temperatures in Capsicum (Aloni et al. 2001)
and other fruit vegetables like tomato (Sato et al.
2000). According to Hirose (1957), the pollen germi-
nation of ‘Takanotsume’ was 30.4% in an open field,
and in the present study, in a greenhouse during the
high-temperature period, it was 6.5 + 4.2% (Table 2).
The point is that ‘Takanotsume’ had lower pollen ger-
mination under a high temperature in the greenhouse
and in the incubator than in a field, but this parameter
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was still higher than that of other cultivars. Both the
two cultivars, ‘Takanotsume’ and ‘Goshiki Kyokko’,
which had the ability of autonomous fruit set had
a high percentage of pollen germination under high
temperatures. Thus, pollen germination was considered
to be an indicator trait for screening genotypes with
autonomous fruit set ability under high temperatures.

The pollen germination in ‘Shima Togarashi’
was very high, but the fruit set was low, which was
possibly due to a difficult dehisce under high tem-
peratures. Anthers dehiscence was easy in all C. an-
nuum cultivars but was not in other species. There-
fore, the fact that anther dehiscence does not occur
under high temperatures may cause poor fruit set in
Capsicum spp. other than C. annuum. It is reasona-
ble that a decrease in the anthesis stage reduces the
autonomous fruit set. Thus, the anthesis stage was
also considered to be an important trait for autono-
mous fruit set ability under high temperatures in
Capsicum species other than C. annuum.

CONCLUSIONS

‘Takanotsume’ and ‘Goshiki Kyokko’ had the
ability to autonomous fruit sets under high temper-
atures. Thus, they are useful cultivars for breeding
programs focusing on autonomous fruit set under
high-temperature conditions. A positive correlation
between fruit set and pollen germination was signif-
icant among some cultivars of C. annuum. In addi-
tion, the correlation between fruit set and anthesis
stage was positively correlated among all species.
Thus, pollen germination in C. annuum is a con-
vincing candidate and an indicator trait for the se-
lection of individuals able to autonomous fruit set
under high temperatures.
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