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Abstract: Heat tolerance is important for the sustainable production of many crops, including chile
pepper. Tolerance to high temperature is complex and involves various component traits, with
pollen viability being among the most important. in vitro pollen assays for heat tolerance have been
widely used in chile pepper; however, associations between the pollen treatment and pollination
have not been widely explored. The objectives of this study were to validate the utility of in vitro
heat stress pollen characterization through in vivo pollination during summer and winter seasons
and to evaluate the cross-compatibility among wild and domesticated species to initiate introgression
population development. Seven entries of wild and domestic Capsicum species grown during the
summer and winter seasons were used to evaluate pollination success rate. Pollen was either used
directly or treated at 38 °C for four hours before making reciprocal self- and cross-pollination among
all the entries. Significant associations between in vitro pollen treatment and pollination success
rate during summer and winter seasons were identified. Heat treatment was a greater contributor
to variability than the growing environment, which validates previous reports on the usefulness of
studying pollen in vitro in selection for heat tolerance. Accessions of the wild progenitor C. annuum
var glabriusculum, PBC 1969 and PBC 1970, were identified as a potential heat-tolerant source for
use in breeding and future research. This work provides a basis for future research in exploring
additional heat tolerance components as well as for the development of phenotyping assays for
pollen or other floral traits.

Keywords: crop wild relatives; cross-compatibility; heat tolerance; pollen viability

1. Introduction

Chile pepper (Capsicum annuum L.) is consumed worldwide, and global production
was 5.1 million tons in 2018, with approximately 65% of production occurring in Asia [1].
The primary limitations to improving the productivity and quality of chile pepper are
abiotic and biotic stresses, many of which lack sources of host tolerance or resistance for
breeding [2]. Maximum chile pepper yields occur when daily temperatures range between
18 and 32 °C during fruit set [3]. It can be anticipated that in many production regions
it will become more difficult to grow chile pepper as temperatures increase beyond this
optimal temperature range as a consequence of global climate change. In response to high
temperatures, chile peppers abort reproductive organs (buds, flowers, and young fruits),
resulting in a significant reduction in yield. Unlike other stresses, such as pests and diseases
or short-term drought and flooding, it is difficult to manage the effects of heat stress in a
farm setting, leaving genetic improvement as the best strategy to limit losses associated
with high temperatures. However, breeding for heat tolerance is complex and requires the
evaluation of numerous component traits.

Pollen is the most heat susceptible tissue in many crops [4,5], and without viable
pollen, the fruit set is reduced or completely impeded. Selection for heat-tolerant plants
can be achieved by monitoring fruit sets, but this method does not discriminate between
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the various flower traits involved (pollen viability, pollen activity, style exertion, stigma
non-receptivity, arrested pollen tube growth, or other reasons). Furthermore, it requires
measuring fruit set over an extended time and is sensitive to variations in temperature that
could permit an otherwise heat-sensitive plant to set fruit.

Wild relatives of crop plants could contain genes related to high pollen viability
under high temperatures, as demonstrated with tomato (Solanum lycopersicum) and its
wild relatives [6]. The diversity contained among the wild Capsicum species represents
a valuable genetic resource for crop improvement of chile pepper [7]. Given that many
wild species of Capsicum have evolved in harsh environments, such as in seasonally dry
tropical forests, with adverse climatic conditions and high disease pressure, they could
express traits for tolerance to a wide range of stress factors [8]. However, in contrast to
other Solanaceae crops, including tomato [9] and potato (S. tuberosum) [10], introgression
breeding using wild species has been neglected in Capsicum [7]. Although the genetic
diversity and variation within wild populations of Capsicum have been studied [11-15],
phenotypic and genotypic information of wild Capsicum species remains limited [8,16].
Lack of phenotypic characterization is likely the major reason why wild relatives are not
widely used for improving the chile pepper crop, followed by pre- or post-zygotic barriers
to fertilization and linkage drag [17].

To use the traits of wild relatives in breeding programs, there is a need to understand
the potential of these traits for improving the stress resilience of cultivated chile pepper.
Wild relatives have been explored in some breeding programs with a major focus on charac-
terizing phylogeny, genetic relatedness, morphology, and cross-compatibility as a basis for
understanding interspecies compatibility and identifying barriers to hybridization, which
are essential to the design of introgression breeding programs [16]. However, the direct
use of multigenic traits derived from wild Capsicum species, which are morphologically
divergent and not adapted to modern production systems, has not been successful. Difficult
phenotyping, crossing barriers, and linkage drag were the major reasons for this failure.

Reddy and Kakani [17] developed a protocol to assess pollen germination and pollen
tube length of chile pepper in vitro, which involved heat treating pollen to temperatures
ranging from 15 to 50 °C and incubating the pollen for 24 h. The authors found that 30.7 and
31.2 °C were the optimal temperatures for pollen germination and maximum pollen tube
length, respectively, and 41.8 and 40.4 °C, respectively, were the critical temperatures
to induce stress. To increase throughput, Heidmann et al. [18] utilized impedance flow
cytometry (IFC) to evaluate the pollen of sweet pepper for tolerance to high temperatures.
They found a significant reduction in pollen viability at temperatures greater than 48 °C and
a significant positive association was found between pollen viability based on fluorescein
diacetate staining and pollen activity using IFC. However, the association between in vitro
pollen treatment and evaluation with in vivo fruit setting in chile pepper has not yet
been determined. Similarly, plant growing environment and laboratory-based pollen
heat treatment have not been compared for chile pepper. Furthermore, it is known that
the cross-compatibility among wild and domesticated Capsicum accessions has yet to be
resolved [16]. Therefore, the objectives of this study were to (i) validate the utility of in vitro
heat stress pollen characterization through in vivo cross- and self-pollination among heat-
tolerant Capsicum accessions during high temperature and optimal growing seasons and
(ii) to evaluate the cross-compatibility among wild and domesticated species to initiate
introgression population development, with the overall aim of supporting future research
by plant breeders in this important area.

2. Materials and Methods

For this experiment, seven wild and domesticated Capsicum entries including two
members of the domesticated C. annuum (AVPP9905 and AVPP9823), two members of
the wild progenitor C. annuum var glabriusculum (PBC 1969 and PBC 1970), two mem-
bers of the wild species C. chacoense (V1012900 and V1029126), and one C. galapagoense
accession (NMCA50026) were evaluated. All experiments were conducted at the World
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Vegetable Center, Shanhua, Tainan, Taiwan (lat. 23.1° N; long. 120.3° E; elevation 12 m).
Prior to sowing, all seed was treated with trisodium phosphate (TSP) and hydrochloric
acid (HCI) following the methods of Kenyon et al. [19]. Seeds were sown into 72-cell
plastic trays (Wen-kai Plastic, Nantou, Taiwan) of sterilized King Root substrate V008
(Dayi Agritech, Pingtung, Taiwan) and placed in a climate-controlled greenhouse for ger-
mination at 28 4= 3 °C with a 12 h photoperiod and 95% relative humidity. Plants were
irrigated twice daily and after germination, the seedlings were fertilized with Nitrophoska
(Incitec Pivot Fertilisers, Victoria, Australia). At the 4-6 true leaf stage, the seedlings were
transplanted into field screen houses covered in 32 mesh nylon nets (Hong Yung Plastic
Weaving, Taichung, Taiwan) in double rows at a space of 45 cm x 90 cm. Rows were
covered with a black polyethylene mulch (Her Mei Plastic, Tainan, Taiwan) and staked
with 13 mm X 130 cm fiber-reinforced plastic stakes (Goodwill Fiberglass, Taipei, Taiwan).
Plants were maintained as uniformly as possible using best management practices [20].
Regular scouting was carried out for pests and disease and appropriate pesticides were
applied as required.

This experiment was conducted during two seasons—the summer season (April to
August) and the winter season (October to February). The temperature and relative hu-
midity inside the field net house were recorded every 15 min throughout the experimental
period using a HOBO data logger (Pro v2 U23; Onset Computer Corporation, Bourne, MA,
USA). The HOBO data logger was mounted at approximately the height of a mature chile
pepper plant (~1 m above the ground) and to eliminate direct exposure by sunlight and
rain, it was mounted inside a plastic container, which was open at the bottom.

Once the plants reached the reproductive stage, flowers at the ST3 to ST5 stage, as
described by Lin et al. [21], were selected for experimentation. The flowers were either
heat treated in vitro (heat treatment) or used directly (control) for self-pollination of among
plants the same accession or cross-pollination between accessions.

For in vitro heat treatment, the flowers were placed in Petri dishes and exposed to
38 °C temperatures inside an incubator (JBL-30, Prosperous Instruments, Chaiyi, Taiwan)
in darkness for four hours. Reciprocal hybridizations were made using all parental lines for
both heat-treated and untreated flowers as well as hand self-pollinations. For each cross- or
self-pollination combination, five individual pollinations were made, and each was labeled
with tags (Hang Kuang, Tainan, Taiwan). At the end of the season, all labels were collected,
and the percentage of pollination success was calculated.

Pollination was considered a failure if either the female flower did not result in
fruit or if the resulting fruit was parthenocarpic and did not produce any seed, while
successful pollinations were those in which a fruit reached maturity and produced seed.
The experiment followed a split-plot design, with four replications each consisting of
six plants, with the split being heat treatment. For analysis, 1 was added to all of the
success rates so that they ranged from 1 to 101%, and then the logjo-transformed, cross-
compatibility success rate data for the growing season, treatment, accession, and species
were analyzed using analysis of variance (« = 0.05) and correlations among data averaged
across growing season and heat treatment using Pearson’s correlation coefficient («x = 0.05)
in R-3.6.3 [22].

3. Results

During the summer season, the monthly maximum temperature ranged from 41 to
44 °C and the average temperature was 28.6 °C, with the hottest temperatures typically
occurring during the reproductive stage of the plants. During the winter season, the
average temperature was 22.8 °C, with the monthly maximum temperature ranging from
36 to 44 °C, with average cooler temperatures occurring during the reproductive growth
stage (Table 1). Relative humidity was generally stable during the experimental period with
monthly averages ranging from 74 to 86%. During the summer season (April to August),
the C. galapagoensis accession, NMCA50026, did not produce flowers, and the majority of
the plants of this accession did not survive (Figure 1).
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Table 1. Monthly temperature and relative humidity (RH) values, recorded during the two seasons of the experiment in
Shanhua, Tainan, Taiwan.

Plant Mean Tem-  Maximum Minimum . ..
Mean RH Maximum  Minimum
Season Month Growth perature Temperature  Temperature (%) 1 RH (%) RH (%)
Stage °0) O Q)
Summer 4 Vegetative 26.8 41 17.5 77.7 100 33.8
5 Vegetative 27.7 43.8 19.8 83.2 100 38.7
6 Reproductive 30 427 229 81.6 100 35.1
7 Reproductive 29.5 439 241 86.1 100 42.4
8 Reproductive 28.7 42.9 23.9 90.4 100 423
Winter 10 Vegetative 27.5 44.3 19.4 70.2 100 30.3
11 Vegetative 24.8 41.4 14.4 74 100 29.4
12 Reproductive 20.6 36.9 9.7 81.4 100 30
1 Reproductive 19.9 38.3 5.4 80.5 100 24.8
2 Reproductive 20.9 39.2 79 76.6 100 28.6
! Relative humidity.
Treatment Spring season Winter season

Heat

No heat

C. galapagoense NMCA50026

C. annuum AVPP9823

C. annuum AVPP9905
C. annuum var.
glabriusculum  PBC1969
C. annuum var.
glabriusculum  PBC1970

C. chacoense V1012900
C. chacoense V1029126

C. galapagoense NMCA50026

C. annuum AVPP9823

C. annuum AVPPY905

C. annuum var.
glabriusculum  PBC1969

C. annuwm var.
glabriusculum  PBC1970

C. chacoense  VIN12900

C. chacoense V1029126

NMCA50026  AVPP9823  AVPP9905  PBC1969 PBC1970 VI012900 V1029126 NMCAS50026 AVPPY823 AVPP9905 PBC1969 PBC1970 VIO12900 V1029126

Figure 1. Heat map of the intra- and interspecific cross- and self-pollination success rates for the four Capsicum species
evaluated during the summer and winter seasons under no-heat and in vitro heat treatment at 38 °C for 4 h. The accessions
are listed on the y-axis when used as a female parent and on the top of the figure when used as a male parent. Values within

each cell are nontransformed percentages, although data were logg transformed for analysis.

The two-way interaction of season by heat treatment significantly contributed to the
variability observed for pollination success rate (p < 0.001; Table 2). The main effect of
pollen heat treatment (F-value = 90.2) was the greatest single contributor to the variability
observed, followed by the growing season (F-value = 11.8) (Figure 1). The overall high-
est pollination success was achieved during the winter season under no-heat treatment
(Figure 1). The self- or cross-pollination success rate of the heat-treated pollen during
the winter season was not significantly different from the success rate using the heat- or
untreated pollen during the summer season.
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Table 2. Analysis of variance of the logjp-transformed pollination success rate of four Capsicum
species under heat and no-heat treatment during winter and summer seasons.

Factor DF! Mean Squares F-Value p-Value
Season 1 6.2 11.8 0.001
Treatment 1 46.9 90.2 <0.001
Female accession 6 4.1 7.1 <0.001
Male accession 6 1.7 29 0.009
Female species 3 0.5 0.7 0.559
Male species 3 2.6 43 0.006
Season X treatment 1 4.3 8.3 0.004
Female x male 36 0.8 1.3 0.106
Female sp. xmale sp. 9 1.7 2.7 0.005
Replication(treatment) 6 3.7 9.1 <0.001

Residuals 406 0.4

! Degree of freedom for numerator.

The main effects of male parent and female parent used for pollination significantly
affected the success rate (p < 0.01 and p < 0.001, respectively), with the selection of female
parent being the largest contributor to success rate (F-value = 7.0) (Table 2). The highest
overall success rate was achieved when AVPP9905 (C. annuum) and PBC 1969 (C. annuum
var. glabriusculum) were used as the male parents, while NMCA50024 (C. galapagoense) had
the overall lowest success rate as the male parent (Figure 1). When used as the female
parent, PBC 1970 (C. annuum var. glabriusculum) had the overall highest success rate, while
PBC 1969 had the lowest (Figure 1).

The two-way interaction of selection of species used as the male or female for cross-
or self-pollination significantly contributed to the variability observed for the success rate
(p < 0.05) (Table 2). The highest pollination success rate was achieved when members of the
domesticated C. annuum species were used as both the male and female parent, followed
by the wild progenitor C. annuum var. glabriusculum (Figure 1). The lowest pollination
success rate was observed when a member of the wild C. galapagoense was used as the
female parent and when a member of the wild progenitor C. annuum var. glabriusculum
was used as the male parent (Figure 1).

The smallest difference in pollination success rate between summer (90%) and winter
season (90%) was observed when members of the wild progenitor C. annuum var. glabrius-
culum PBC 1969 was used as the male parent and PBC 1970 was used as the female parent
under the no-heat treatment (Figure 1). When AVPP9823 was used as the male parent,
and VI012900 was the female parent, the greatest difference in pollination success rate
was observed between the winter (95%) and the summer (0%) season (Figure 1). The
greatest difference in pollination success rate between heat and no-heat treatment was
found when V1012900 was the female parent, and PBC 1969 was the male parent, with
0 and 80% pollination success, respectively. The smallest difference between heat and
no-heat treatment was found when VI012900 was used as the male parent, and AVPP9823
was the female parent, with 69 and 70% pollination success, respectively.

Pollination success rate during the winter season was positively correlated with both
heat (r = 0.77) and no-heat-treated pollen success rate (r = 0.86) but not with pollen success
rate during the summer season (r = 0.26) (Table 3). The correlation between pollen success
rate during the summer season with both heat and no-heat-treated pollen success rate was
lower (r = 0.46 and 0.36, respectively) but still significant at & = 0.05 (Table 3).
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Table 3. Pearson’s correlation coefficient (lower half) and p-values (upper half) for log;g-transformed
pollination success rates under different treatments and seasons.

Summer Winter Heat No Heat
Season Season Treatment Treatment
Summer season 0.122 0.005 0.031
Winter season 0.26 <0.001 <0.001
Heat treatment 0.46 0.77 0.005
No-heat treatment 0.36 0.86 0.39

4. Discussion

During this experiment, the plants were exposed to external temperatures that ex-
ceeded the previously reported maximum threshold [23-28] to induce heat stress during
the summer season. While temperatures were high, especially during the vegetative stage
of the experiment, the average temperatures were more optimal during the winter season,
which is reflected in the generally higher pollination success rates during the winter season.
During both seasons, the temperature and RH were greater than might be expected. This is
likely due to the use of a mesh net house to prevent pollinating insects from influencing
the pollination experiment. The RH throughout the experimental period was relatively
stable, also likely due to the plants being grown in the mesh net house, which allows for the
seasonal variability observed for pollination success rate to be explained more accurately
by temperature rather than RH.

Both short-term high and long-term mildly elevated day and night temperatures
are known to negatively affect pollen development in many crops [29], including chile
pepper [23]. Although pollen development was not studied, the pollination success rate
almost always lowers during the summer season, as compared to the winter season. In
response to high temperatures, plants have various mechanisms to maintain cellular
homeostasis to cope with heat stress, which has been widely studied in the vegetative
stages of different plant species [30]; however, little is known about these mechanisms
in developing pollen. The starch and sugar content in maturing pollen grains has been
shown to be affected by long-term, elevated temperature [23,27-31]. Furthermore, a
significant relationship between in vitro pollen germination rate and pollen tube length
after exposure to long periods of high temperatures with whole-plant thermotolerance
for chile pepper [32], as well as other crops such as soybean (Glycine max) [33], has been
found. Therefore, using pollen traits as an indicator of heat tolerance has been reported to
be an effective technique, and in vitro assays to assess pollen response to heat stress have
been developed [17,18,21]. While it is known that pollen viability, pollen tube germination,
and pollen tube length are reduced under heat stress [17,23,24], it has not been empirically
shown if this results in an actual reduction in pollination. This experiment was conducted
to determine the relationships between stressful growing environments and heat treatment
with self- and cross-pollination. Using a modified in vitro heat treatment assay developed
by Reddy and Kakani [17], differences in pollination success among accessions were found.
This variability indicates that the accessions used in this study have different levels of heat
tolerance. As expected, pollination success was lower during the summer season, which
was hotter than the winter season.

The pollination success rate using in vitro heat treatment was significantly correlated
with the pollination success rate during the summer season. Similarly, the pollination suc-
cess rate during the winter season was significantly correlated with the pollination success
rate under no in vitro heat treatment. This indicates that in vitro pollen heat treatment
could be an effective strategy to select for heat tolerant accessions. In addition, in vitro
heat treatment pollination success rate was also significantly correlated with pollination
success rate during the winter season, which seems contradictory but could be explained
by certain accessions having generally higher or lower pollination success rates, despite
the growing season or heat treatment. For example, AVPP9905, a previously reported
heat-tolerant line [34], was among the samples with the highest average pollination success
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rates when used as a male parent during the summer season (26%), the winter season (54%),
under in vitro heat treatment (33%), and under no treatment (47%), while AVPP9823 was
among the samples with the lowest average pollination success rates during the summer
season (15%), the winter season (44%), under in vitro heat treatment (20%), and under no
treatment (39%).

Given that many wild Capsicum species originate from harsh environments, including
high temperatures and water-deficit stress [8], it is hypothesized that they could serve as
sources of tolerance to abiotic stress [16]. Reddy and Kakani [17] found an accession of
the wild species C. chacoense that had intermediate heat tolerance, while accessions from
domesticated species were either highly heat tolerant or sensitive. Typically, the accessions
of domesticated species had higher pollination success rates than accessions of the wild
species during the cool season. However, during the hot season, the wild accession PBC
1969 had the highest overall pollination success rate. With the exception of the C. gala-
pagoense accession NMCA50026, pollination success for the no-heat treatment was very
similar for both wild and domesticated accessions. It is possible that the higher pollination
success rates during the cool season for accessions of the domesticated C. annuum was due
to larger flower size, making hybridizations easier and by default more successful.

Another factor affecting pollination success rate is prezygotic barriers to fertiliza-
tion among the different species of Capsicum. The intra- and interspecific pollination
success rates of wild and domesticated Capsicum species have been previously stud-
ied [16,24-33,35-38]. Under no-heat treatment during the winter season, the cross-pollination
success rates were similar to those of Parry et al. [16], with higher reciprocal pollination
success for accessions from the same species than success rates between species. Although
pollination success among members of the domesticated C. annuum and the wild C. an-
nuum var. glabriusculum and C. chacoense was in line with other reports [16,36-38], typically,
pollination success using the C. galapagoense accession in either direction was lower than
for other species, which contradicts the findings of Pickersgill [37], who found relatively
high success rates between members of C. galapagoense and C. annuum. Recently, evidence
for the misidentification of members of C. galapagoense has been reported, which could be
the reason for differences in interspecific pollination success [16].

The response of chile pepper to high temperatures at the vegetative (generally
seedling) [34,39-43] and reproductive [23,24,26,44,45] stages during the growing season
has been previously explored. In recent years, researchers have characterized differentially
expressed genes in response to high-temperature stress in chile pepper [34,39-42]. In vitro
bioassays have been developed to effectively screen chile pepper accessions for heat toler-
ance [17,18,21]. This study is the first report validating the use of in vitro heat treatment
assays and pollination success in vivo in chile pepper. We found that the negative effects
of high temperatures on floral tissues, particularly pollen, indeed result in a reduction
in pollination success. The body of literature on inducing heat stress and evaluating the
pollination cross- and self-pollination success rates is extremely limited. It is critically
important to validate in vitro bioassays using in vivo experiments that closely mimic actual
conditions, which this study does.

5. Conclusions

Breeding for heat tolerance in fruiting crops such as chile pepper is becoming increas-
ingly important. In order to be effective in the selection, appropriate bioassays must be
developed and validated for accuracy and representative of field conditions. In this study,
significant associations between in vitro pollen treatment and pollination success rate dur-
ing summer and winter seasons were identified, and it was found that heat treatment was a
greater contributor to variability than the growing environment, which validates previous
reports on the usefulness of studying pollen in vitro in selection for heat tolerance. PBC
1969 and PBC 1970, accessions of the wild progenitor C. annuum var glabriusculum, were
identified as potential heat-tolerant sources for use in breeding and future research. This
work is among the first to explore the relationship of heat treatment with high-temperature
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stress in terms of actual pollination success in chile pepper. The findings presented here
provide a basis for future research in exploring additional heat tolerance components in
chile pepper and other crops and for the development of phenotyping assays for pollen or
other floral traits.
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