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INTRODUCTION



1. INTRODUCTION

The rise in ambient temperatures due to climate change is expected to have a
significant impact on plant growth and development, leading to a sharp decrease in crop
productivity and potentially causing severe famine. The continual increase in average
surface temperature as a result of global warming poses a significant stress to all phases
of plant growth and development, particularly affecting metabolism and productivity,
especially in tropical and subtropical regions (Li et al., 2018). According to the sixth
assessment report from the IPCC (2021), temperatures are projected to increase by 1.5
OC in the twenty-first century over the next two decades, and could rise by 4.5 °C
depending on greenhouse gas emission rates. Plants, being stationary organisms, are
often negatively affected by unfavourable weather conditions such as drought and
extreme temperatures that exceed their ideal range. The populations mostly reliant on
agriculture for their livelihoods, constituting 75% of the rural population globally and
nearly 50% of those in less developed countries. Furthermore, a 70% increase in food
production will be necessary to meet future demands driven by a projected global
population growth to 9 billion by 2050 and increasing food consumption in rapidly
growing economies such as China and India (Hoshikawa et al., 2021). The formidable
challenge of increasing food production while anticipating significant crop losses due
to climate change can only be addressed through the development of more sustainable
agricultural production systems utilizing crop varieties that are more resilient to

environmental stressors than those currently in use.

As immobile organisms, plants respond to Heat stress through avoidance
mechanisms or programmed cell death (Zhang ef al., 2020). Each type of vegetable
crop has its own temperature threshold for growth and development, with Heat stress
occurring when the temperature exceeds the upper threshold (Wahid et al., 2007).
Generally, Heat stress is considered to occur when the ambient temperature exceeds the
ideal temperature range for plant cultivation by 10-15 degrees Celsius (Wahid ef al.,
2007). Heat stress, resulting from temperature increases caused by climate change, has
detrimental effects on all stages of crop growth, leading to permanent damage. It can
significantly impact plant morphology, development, physiology, biochemistry, and

molecular pathways. Temperature fluctuations also have a significant influence on
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anther and pollen development during flowering, leading to failures in reproduction and
fertilization (Peet ef al, 1998; Erickson and Markhart, 2002). Consequently, there is
reduced fruit set and lower-quality fruit and vegetable yields due to adverse effects on
reproduction and fertilization processes (Bita and Gerats, 2013; Hasanuzzaman et al.,

2013).

The tomato (Solanum lycopersicum L.), a fruit vegetable crop, has enormous
economic and cultural significance worldwide. It is grown in diverse climates
worldwide, spanning from tropical regions to areas near the Arctic Circle. High
temperature negatively affects fertilization and reproduction in tomato plants, leading
to crop failure and reduced fruit quantity and quality (Prasad et al., 1999; Sato et al.,
2000). During cultivation, tomato plants experience varying temperature conditions,
resulting in different physiological and morphological changes based on genetic
variations, growth stages, and duration of exposure to Heat stress. These changes are
not limited to vegetative parts such as leaves only (Zhou et al., 2017) but also affect
reproductive organs like flowers and gametophytes (Firon et al., 2006). Improving the
Heat stress tolerance of crops is crucial for addressing climate change, as even mild

Heat stress can impact fruit development and quality in crops like tomatoes.

According to Dane et al. (1991), the tolerant genotypes often maintain higher
levels of pollen viability under high temperatures. Evaluating pollen viability can
demonstrate the male gametophytic ability to endure high temperatures. If genes related
to stress tolerance during the pollen phase also evident in the sporophyte, it may be
possible to transfer these traits into usable cultivars through pollen selection. Selective
fertilization using pollen viability as a screening method may aid in transmitting heat
tolerance into parental lines for hybrid generation. Selective fertilization targets specific
physiological or genetic traits at the fertilization stage and also involves controlled
pollination, often between specific parental lines, to enhance desired traits such as heat
tolerance, disease resistance, or yield. It also utilizes molecular or physiological
markers to select the best combinations even before the seeds are fully developed.
Regarding tomato performance under Heat stress, high temperatures can make pollen
grains vulnerable, leading to reduced tomato fruit yield (Camejo et al, 2005).

Therefore, screening for pollen viability under high temperature can provide crucial



information on male gametophytic resistance to high temperatures, which is necessary
for developing high-temperature tolerant genotypes. Selection at the pollen level has
been proposed as a strategy to increase the frequency of genes associated with
beneficial agronomic traits. Selective fertilization is a novel technique for producing
hybrids by artificially applying selection pressure during pollen germination and
fertilization, allowing only the pollen grains tolerant to the selection pressure to

germinate and fertilize the ovule.

Understanding the genotypes possessing the necessary traits and
comprehending how these genotypes handle stress are crucial for producing crops
tolerant to high temperatures. The capacity of a genotype to promptly and effectively
respond to stressful situations through molecular, biochemical, and physiological
reactions which ultimately lead to overall plant responses is known as stress tolerance.
The primary adaptive response of plants to high-temperature stress is through the
production of heat shock proteins. The expression of HSPs during stress provides plants
with tolerance by altering various plant functions, such as water and nutrient usage
efficiency, membrane integrity, photosynthesis, and assimilate partitioning (Camejo et
al., 2005; Ahn and Zimmerman, 2006; Momcilovic and Ristic, 2007). These
mechanisms enable plants to develop and grow under Heat stress. Analysing these
processes in stress-tolerant genotypes is essential to establish any genotype as
genuinely high-temperature stress-tolerant. Understanding the mechanisms that enable
plants to thrive and produce under stressful conditions is key to breeding more stress-

tolerant varieties.

Given the projected rise in temperatures and the global significance of tomato
cultivation, it is imperative to facilitate the adaptation of tomato to high temperature
conditions. In order to achieve this, it is essential to identify tomato genotypes that are
tolerant to temperature stress and to comprehend how crops respond to high
temperatures due to climate change, through the study of the physiological and
molecular responses of tomato to high temperature stress. When producing high-
yielding heat-tolerant varieties/cultivars, it is important to consider physiological traits
such as the stay-green trait, canopy temperature depression, cell membrane

thermostability, chlorophyll fluorescence, relative water content, and stomatal



conductance. Molecular approaches, including omics, molecular breeding, and
transgenics, possess the potential to enhance heat tolerance. This can be achieved
through the transfer of heat-tolerant genes/QTLs to elite cultivars using molecular
markers or by elucidating tolerance mechanisms, ultimately leading to the identification
and transfer of heat tolerance genes via genetic modifications. Alongside these
approaches, simple agronomic strategies are crucial for mitigating the effects of Heat
stress at the grassroots level. Therefore, it is critical to establish heat-tolerant plant
varieties through physiological, molecular, and breeding-based strategies to ensure the
sustainability of vegetable production systems and human health. Selective fertilization
is a promising approach for developing high-temperature-tolerant crop varieties due to
its ability to enhance specific genetic and physiological traits that confer resilience to
Heat stress and also it bridges critical gaps in breeding strategies under Heat stress by
addressing limitations in traditional and modern approaches, providing a targeted
pathway to develop resilient varieties. Additionally, these approaches will provide
valuable insights into the physiological and molecular mechanisms responsible for
thermotolerance, thereby opening the door for the development of 'designer' vegetable
crops to enhance health and nutritional security. Hence, the present study aims to
evaluate the impact of selective fertilization in inducing heat tolerance and the

physiological and molecular responses of tomato under high temperature conditions.
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2. REVIEW OF LITERATURE

Tomato (Solanum lycopersicum L.) is one of the members of the Solanaceae
and an important commercial crop around the world (Deuter ef al.,, 2012). The Food
and Agriculture Organization (FAO) reported that in 2019, global tomato production
reached 182 million tons on 4.85 million acres, with China, India, USA, Turkey, and
Egypt leading production (FAOSTAT 2020). This makes tomato the second most
crucial vegetable crop after potato. Tomatoes are highly valued for their nutritional and
economic importance, containing vitamins, minerals, antioxidants, and phytochemicals
that benefit human health (Shi ef al, 2019). Additionally, tomato serves as a model
plant for studying various aspects of plant biology, including fruit development,
ripening, disease resistance, and stress tolerance (Gupta et al., 2019). However, tomato
production and quality are negatively impacted by various abiotic stresses such as
drought, salinity, cold, and heat (Gupta et al., 2019). It is estimated that the world's
harvested area increased by 10.4% from 2010 to 2014, increasing from 4.5 million
hectares to 5.02 million hectares; yields from the harvested areas were 151.9 million
kilotonne in 2010 to 1.71 billion kilotonne in 2014, yielding 34 MT (metric tonne) per
hectare in 2014. Despite this, global tomato production per unit area has decreased.
Tomato production is affected by both biotic and abiotic factors, with abiotic stresses

often interconnected and occurring individually or in combination.

Abiotic stress leads to morphological, physiological, biochemical, and
molecular changes that negatively affect plant growth, productivity, and yield. Rising
temperatures (heat), drought, cold, and salinity are the primary abiotic stresses causing
severe cell damage in wild and domesticated plant species, and are considered
consequences of climate change (Bita and Gerats, 2013). Abiotic stressors, particularly
high temperatures (Heat stress (HS)), significantly impact crop quantity, quality,
nutritional status, and yield (Boote et al., 2005; Aleem et al., 2021). Climate change is
expected to directly influence the incidence and severity of crop diseases, posing
serious threats to food security (Gautam et al., 2013; Kurukulasuriya and Rosenthal,
2013; Ali et al., 2019). Potential climate change-related factors such as temperature

fluctuations, precipitation changes, increased concentrations of CO2, CH4, nitrous



oxide (N20), and O3, long-term water scarcity, unsuitable soil conditions, drought,
desertification, and disease and pest outbreaks in crops and livestock are anticipated to
significantly impact plant growth. The Fifth Assessment Report of the International
Panel on Climate Change (IPCC) indicated that climate change over the past 30 years
has resulted in a 1.5% per decade decline in global agricultural production compared to
a baseline without climate change. Recent studies suggest that even a 2° increase in
global temperature will affect agricultural productivity, with a continuous and more

pronounced effect in tropical regions.

Heat stress is a major limiting factor in plant productivity. Heat stress can be
defined as a rise in temperature above a threshold level for a period of time that causes
irreversible damage to plant growth and development (Wahid et al., 2007). Based on
multiple scenarios, global temperatures are projected to increase by the end of the 21st
century (2081-2100) on average in the range of about 1°C to 3.7°C compared to their
19862005 levels [ IPCC,2014]. Although an increase in temperature may be beneficial
in some regions, crop yields are expected to decline unless adaptation strategies are
implemented. Tomatoes are particularly sensitive to Heat stress, which can lead to a
complete loss of yield. Heat stress can occur at different stages of plant life cycle, such
as germination, vegetative growth, flowering, fruit development, and ripening. The
threshold temperatures required for causing damages in reproductive tissues are lower
than those required to harm vegetative tissues, making the reproductive stage of tomato
and many other crops, the most susceptible to Heat stress (Sato et al., 2006). Male
gametophytes have lower threshold temperatures than vegetative tissues, making them
more susceptible to HS than female gametophytes. Various aspects of tomato growth
and development during the reproductive stage can be negatively affected by Heat
stress. This can occur before or after pollination, impacting fertilization and reducing
seed production (Sage et al, 2015). Pre-pollination events that are particularly
vulnerable to high temperatures include meiosis I and II of the microspore mother cell
(Young et al., 2004), the formation and subsequent disintegration of the tapetum layer
(Farooq et al., 2017), and the creation of exine and intine (Nahar et al., 2016). Heat
stress also influences post-pollination processes such as pollen load, germination, tube

growth, and fertilization (Hedhly et al., 2009; Sita et al., 2017).



Numerous studies have examined the effects of Heat stress on the reproductive
phases of different vegetative crops. In capsicum, Erickson and Markhart (2002) found
that Heat stress resulted in vacant, small microspores lacking an exine layer. The
appearance of shriveled pollen grains under Heat stress may be attributed to decreased
starch accumulation in anther walls and pollen grains, which reduces soluble
carbohydrates necessary for their development (Pressman et al., 2002). Heat stress in
soybean led to decreased pollen production, germination, and tube elongation, as well
as abnormal pollen development characterized by missing apertures and disrupted exile
ornamentation (Salem et al., 2007; Nahar et al., 2016). In tomato crops, Heat stress
interfered with meiosis, causing deterioration in pollen germination and tube growth
(Foolad, 2005). Additionally, Heat stress reduced microgametophyte fertility in brassica
(Rao et al., 1992). Heat stress can also induce physiological disorders in tomato fruits,
including blossom-end rot, sunscald, cracking, and irregular ripening (Alsamir et al.,
2021). Furthermore, it can modify the biochemical composition of tomato fruits,
affecting sugars, acids, pigments, aroma volatiles, and antioxidants (Shi et al., 2019).
Tomato plants employ a range of cellular, physiological, and molecular responses to
cope with Heat stress. These mechanisms aim to safeguard cellular structures and
functions from heat damage, maintain water and ion homeostasis, regulate the
expression of heat-responsive genes, and enhance Heat stress tolerance (Hoshikawa et
al., 2021). Such responses encompass the production of heat shock proteins (HSPs),
activation of antioxidant enzymes (AOXs), accumulation of osmolytes (OSMs),
regulation of transcription factors (TFs), and involvement of signalling molecules

(SMs).

Heat stress can be caused by different factors that affect the ambient temperature
or the plant temperature. The ambient temperature is the temperature of the surrounding
air, which can be influenced by the solar radiation, the wind speed, the humidity, and
the cloud cover (Wahid et al., 2007). The plant temperature is the temperature of the
plant tissues, which can be influenced by the ambient temperature, the transpiration
rate, the leaf size and shape, the leaf orientation and angle, and the leaf color and
reflectance (Wahid et al., 2007). The optimal temperature range for tomato growth and
development is 20-25°C for day and 15-20°C for night (Dhaliwal, 2012). However,



the optimal temperature range may vary depending on the cultivar, the growth stage,
and the duration of exposure. Generally, Heat stress can be classified into two types:
chronic Heat stress and acute Heat stress (Wahid et al., 2007). Chronic Heat stress is a
long-term exposure to moderately high temperatures that exceed the optimal range but
do not cause immediate damage to the plant tissues. Acute Heat stress is a short-term
exposure to extremely high temperatures that exceed the critical threshold and cause

irreversible damage to the plant tissues.

A rise of a few degrees (1°C) above an average daily temperature of 25°C can
severely affect reproductive organs, particularly pollen viability and female fertility,
resulting in drastic declines or even complete failure of fruiting (Ayanan et al., 2019).
As a result, Heat stress reduces the tomato growing window (the number of days per
year with optimal temperatures for tomato production), particularly under outdoor and
uncontrolled growing conditions, which are the dominant tomato growing systems in
tropical regions. In these regions, Silva et al. (2017) predicted that over 2050-2100,
heat and drought stress would negatively affect tomato growth and yield in open fields
and reduce the optimal production area. Globally, there are calls for the development
of heat-tolerant cultivars to adapt to current and projected increases in Heat stress (Bita
et al., 2013). However, breeding for heat tolerance in general has been hampered by the
complexity of Heat stress and plant responses to the stress (Hedhly, 2011), as well as
the limited understanding of the genetic basis of heat tolerance traits. The success of
breeding for heat tolerance depends on the efficient identification and characterization
of the component traits underlying fruit set under Heat stress and the depth of
knowledge of their genetic architecture at both the vegetative and reproductive stages
(Driedonks, 2018). Heat stress is determined by the intensity, duration and speed of the
temperature increase (Wahid et al., 2007). For effective screening of the germplasm for
heat tolerance, the development of an appropriate technique to apply Heat stress is
important. Mesihovic et al. (2016) identified four main thermotolerance regimes: short-
term acquired thermotolerance, long-term acquired thermotolerance, basal
thermotolerance, and thermotolerance to moderately high temperatures. Two categories
of heat treatments are generally used in the screening of germplasm and in the study of

the physiological responses of tomatoes under heat tolerance. The first is long-term



mild heat screening, in which plants are exposed to heat for a long period of time, which
can span the entire development cycle. Mild Heat stress commonly applied to tomatoes
consists of growing the plants at optimum temperatures until the first bud bud appears
and then moving them to high temperature grow chambers (around 32°C/28°C,
day/night temperatures). However, Heat stress from the flowering phase onwards may
not cover the full range of plant responses to heat: although the reproductive stages are
the most sensitive to Heat stress in many plants, vegetative stages are also negatively
affected by Heat stress (Wahid et al., 2007). For example, the rate of photosynthesis,
maximum photosystem II quantum efficiency (Fv/Fm) and stomatal conductance
decreased under heat which could result in decreased growth rate stress (Zhou et al.,
2018). So prolonged exposure to Heat stress (from pollen selection to maturity) may
increase severity and trigger different response mechanisms than Heat stress applied at
a particular developmental stage. In order to adapt to current and future Heat stress,
there is an urgent need to develop heat tolerant cultivars as this is a major limiting factor

in plant productivity.

2.1 HEAT TOLERANCE

Tolerance to high temperature is a difficult trait to enhance due to its low
heritability and sensitivity to the environmental conditions (Hazra et al., 2009). Crop
adaptation or resistance to environmental pressures can be managed using several
strategies in agricultural systems. In general, a combination of genetic development and
cultural practices reduces the detrimental effects of abiotic stresses on agricultural
productivity (Wahid et al., 2007). Adjustment or changes in cultural practices, such as
planting time, crop density, and soil and irrigation management, can reduce stress
impacts. For example, Hanna ef al. (1997) identified development and yield reactions
of heat resistant tomato to depth of transplant, daily irrigation time, and polyethylene
mulch color. Morning irrigation increased marketable and total yields, average fruit
mass in 1994, and crop dry mass in 1995. White-surface mulch had an equivalent effect
on fruit mass and yield. They concluded that deeper transplanting, morning irrigation,
using white-surface polyethylene mulch, or a combination of all three can increase the

yield of heat-resistant tomatoes.



The advancement of cultivars that are resilient to environmental stressors and
produce economic yield is referred to as genetic improvement. But one economically
stable way to produce plants under harsh conditions is for crops to genetically develop
toward stress tolerance (Blum, 2018). Additionally, hybrid lines appeared to function
consistently, even in stressful situations, as compared to ideal growing conditions
(Yordanov, 1983). In the breeding of tomato heat resistance, both conventional and
hybrid breeding technique, which benefit on genetic interactions and additively acting
genes, should be helpful. The results of the previous study showed that around one-
third of the diallel hybrid progenies had greater fruit set than their more heat-resistant
parents, indicating the benefits of hybrid breeding (AVDRC, 1986). In a separate study,
Opena et al. (1987) found that crosses made from heat-resistant stocks produced more
fruit with greater setting capability and yield than those made from heat-sensitive
parents in the diallel test. According to Bhattarai et al. (2016), Heat tolerant plants can
be developed by the collective accumulation of heat tolerance from the yield attributing
traits which is modified through indirect selection during the early generations. Being
able to develop fruit when exposed to high temperatures is the most fundamental
requirement for the resistance of tomato to heat stress, however evaluating germplasm
in the field for heat tolerance is extremely time-consuming and expensive (Abdulbaki

et al., 1995).

Conventional breeding is the oldest but most widely used strategy, and it is
mostly based on selecting phenotypic plant characteristics (Acquaah, 2015). Growing
breeding materials in a hot target production environment and detecting
individuals/lines with greater yield has been a traditional method of selecting crops for
heat stress resistance (Ehlers and Hall, 1998). A proposed strategy has been discovered
in crop growth selection criteria that can be linked to heat tolerance during reproductive
stages. In tomato, there is a strong positive link between yield and fruit set at high
temperatures. As a result, screening for fruit set under high temperature has been used
to estimate germplasm to detect sources of heat resistance (Berry and Rafique-Uddin,
1988). Non-reproductive trends that are altered by high temperature include
photosynthetic efficiency, assimilate translocation, mesophyll tolerance, and cellular

membrane disintegration (Chen et al., 1982). In recent decades, new procedures for
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screening superior varieties have arisen that combine morpho-physiological plant traits
with traditional breeding methods. These strategies take advantage of inherent plant
capabilities to cope with HS and aid in the selection of heat-tolerant genotypes.
Breeding to develop such properties under high temperatures can lead to improved

cultivars with heat resistance techniques.

Heat tolerance in tomato could be significantly improved through genomic
selection. Understanding the nature and magnitude of gene actions is important for the
selection of suitable breeding strategies and parental lines to consider the extent and
severity of gene behavior of heat resistance traits and subtraits in a breeding program.
Based on the germplasm under consideration, heat tolerance traits were found to be
regulated by additive, domination, and epistatic gene effects, with a predominance of
one of these effects. Ahmed e al. (2013) observed that primarily additive gene effects
dominated the inheritance of pollen fertility and fruit set. Similarly, additive gene
effects were prominently regulated by the inheritance of fruit collection, fruit number
per vine, brix, fruit weight, number of flowers per cluster. In fruit set inheritance,
complete dominance was reported and fruit weight showed substantial heterosis under

heat stress.

Tomato Heat stress transcription factors (Hsfs) are critical components that act
either as activators or repressors in mediating heat tolerance. Tomato HsfA2
accumulates in response to increased temperatures and enhances the capacity of male
reproductive tissues to cope with severe heat stress. HsfB1, on the other hand, acts as a
repressor of heat tolerance mechanism and its suppression in transgenic tomato plants
resulted in increased heat tolerance. These genes could potentially be candidates for
site-directed mutation to improve heat tolerance in tomato. Once a candidate gene is
cloned and a favorable allele identified, one can harness the large number of re-
sequenced accessions to identify interesting lines carrying favorable alleles to be
evaluated under heat stress. An integrated strategy involving plant breeding, genetic
modification, and gene editing is expected to influence the production of food crops.
Heat tolerance mechanisms increases with the dissection of the genetic architecture and

genes that control heat tolerance, the potential of targeted mutation on these genes
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would provide useful tools for rapid monitoring of heat tolerant variety growth. Also
tomato heat stress transcription factors (Hsfs) are critical components that act either as
activators or repressors in mediating heat tolerance. So these genes could potentially be
candidates for sited directed mutation to improve heat tolerance in tomato (Ayenan et

al., 2019).

Pollen selection has also been proposed as a method to increase the gene
frequencies associated with useful agronomic traits. Pollen that is exposed to thermal
stress during germination may represent a potent means of altering the genetic structure
of the resulting progeny by turning the allelic frequencies in favor of high tolerance
(Zamir, 1983). In comparison to the commercial variety, the pollen from cold-tolerant
variety of Lycopersicon hirsutum L. had higher germination and fertility, and it was
more functional under cold conditions (Zamir et al, 1981). This successfully
transferred pollen to the commercial cultivar suggested that the gene that allows the
sporophyte to tolerate high temperatures also allows the pollen to retain fertility after
thermal stress (Rodriguez-Garay and Barrow, 1988). Weaver and Timm (1989) found
that flowering plants exposed to high temperatures in greenhouses showed a positive
link between pollen viability and temperature tolerance. To be successful in expanding
agricultural productivity under stress conditions, both genetic advances and cultural

practice adjustments must be made simultaneously (Wahid et al., 2007).

2.2 SELECTIVE FERTILIZATION

Plants have two distinct stages in their lifecycle: the gametophyte stage and the
sporophyte stage. Selection during the gametophyte phase of the plant life cycle has
important effects on both gene and genome evolution and is likely to have important
pleiotropic effects on the sporophyte. Mulachy (1979) proposed that
microgametophytic selection may have strengthened the adaptive process of
angiosperms. The genes, which are expressed in the gametophytic, stage may also
express, in the sporophytic, stage and hence selecting, these genes in the haploid phase
may have a positive, influence in the outcome of diploid phase. Gametophytic selection
and its fitness effect in sporophytes remains difficult despite over a century of research,

there is a possibility of conflict between pollen and sporophytes.
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As the pollen life cycle is simple it got attention of artificial selection for
improving yield and there are findings indicating variations in offspring quality as a
result of pollen competition. The notion that genes overexpressed in pollen are more
likely to have fitness impacts on gametophyte transmission is consistent with a recent
research in maize that combines knockout mutations with data on gene expression
(Warman et al., 2020). According to Hormaza and Herrero (1992), artificial selection
on particular characteristics during pollen-tube growth has effectively altered the values
of sporophyte traits under various environmental circumstances, including salt
tolerance, toxin tolerance, and metal tolerance. More recent studies using gametophytic
selection have created novel varieties resistant to two stressors in three domesticated
species: Alternaria leaf blight resistance in cultivated sunflower (Shobha and

Ravikumar, 2006) and cold tolerance in tomato and chickpea (Clarke et al., 2004;

Dominguez et al., 2005). Genome-wide association studies (GWAS) and quantitative
trait loci (QTL) were used to identify variant haplotypes of a cellulose synthase gene in
cultivated varieties of chickpeas, which were highly related with increases in pod and
seed number as well as quicker pollen-tube development (Kujur et al., 2015). These
chickpea gametophyte QTL had a major impact on sporophyte female fitness not
because quicker gametophytes are typically more advantageous, because the gene is
expressed in both pollen and seed pods. These results imply a shared genetic

foundation.

Several studies have been conducted regarding the effect of gametophyte
(pollen) selection in temperature stress. According to Zamir et al. (1981), Lycopersicon
hirsutum, which can tolerate cold temperatures during the gametophytic stage, may also
tolerate chilling during the sporophytic stage. In an experiment by Peet ef al. (1998)
under eat stress (32/26°C) and under normal conditions (28/22°C) studied that the male
sterile plants grown in the stressed condition produced less fruit set and yield when
pollinated with pollen from the control condition, whereas male sterile plants grown in
the stressed condition produce no fruit set when crossed with pollen from the stressed
condition. The outcome demonstrated that fruit set is impacted by male gametophytic
selection and the highest impact occurs during the reproductive stage when the male

parent of a cross is subjected to heat stress than the female parent because male

13


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7748008/#bib147
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7748008/#bib147

gametophytes are more susceptible to Heat stress than female gametophytes. The anther
cells reflect on from a loss of male identity under long-term moderate Heat stress is the
most current idea explaining the heat sensitivity of pollen (Muller et al., 2016). Marine
et al. (2017) also examined that the pollen viability can be used as a screening technique
to examine the male gametophytic resistance of tomato genotypes to extreme

temperature stress.

Selective fertilization is a modern breeding technique that involves targeted
fertilization to combine specific traits, often under controlled conditions. It emphasizes
the selection of desirable physiological, biochemical, or genetic traits during the
fertilization stage, making the process highly precise. It develop hybrids upon imposing
selection pressure artificially during pollen germination and fertilization and the pollen
grains which are tolerant to selection pressure only will germinate and fertilize the
ovule. Abiotic stresses like water stress, salinity, temperature, pH, heavy metals etc. has
been successfully deliberate using selective fertilization in many studies. Successful
use of the selective fertilization approach has been documented in a variety of crops,
including tomato (Zamir et al., 1987), cotton (Rodriguez-Garay and Barrow, 1988), and
coconut (Aisha et al., 2015, Afna et al., 2023). The selective fertilization is a best
technique as it differ from conventional breeding approaches that relies on crossing two
parent plants and selecting the offspring that express desirable traits over several
generations. This method is less precise as it depends largely on phenotypic selection,

which can be influenced by environmental factors and natural genetic variability.

2.3 GROWTH PARAMETERS

Environmental changes have a significant impact on the polygenic
characteristic of heat tolerance (Blum, 2018). The response at one stage varies from the
response at another, hence HS effects are stage-specific. Breeders use a variety of
strategies to lessen the effects of an unpredictably changing environment on crops. An
accurate understanding of the interactions between the crop and the stress atmosphere
can be revealed by observing changes in the phenology of the crop in response to heat

stress. The susceptibility of various phonological processes to high temperatures varies,
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although this depends on the species and variations (Wollenweber et al, 2003;

Howarth, 2005).

2.3.1 Pollen Germination Percentage

The pollen development phase is the primary determinant of fruit production
and the most sensitive process in plants. Elevated temperatures have a significant
impact on pollen formation, leading to significantly lower pollen germination rates
(Rieu et al.,, 2017). Insufficient pollen germination is a major contributor to low fruit
set. As temperatures rise progressively from the optimum, the germination of pollen
grains decreases by 13 times (Pressman et al., 2002). heat stress adversely affects pollen
meiosis and germination, ovule development, and the improvement and viability of the
embryo (Peet et al., 1997). Heat stress impairs assimilate transfer in pollen, resulting in
poor germination, as starch accumulation is necessary for pollen maturation to provide
energy for germination and tube expansion (Filomena et al., 2013). Additionally,
sucrose and hexose, which also act as energy sources for pollen growth and
germination, function as osmolytes (Pressman ef al., 2002). In addition, Foolad (2005)
also mentioned that high temperatures in tomatoes improperly affect endosperm
development, pre-embryo, and fertilized embryos, meiosis in male and female organs,
pollen germination and pollen tube development, ovule viability, style and stigmatic
situations, pollen grain number that is maintained by the stigma, fertilization and post-

fertilization trends.

The ability of pollen to germinate and release under high temperatures is a
crucial indicator of fruit set potential. Thus even if the pollen is viable, a failure in
pollen germination or release can prevent the development of a fruit set (Sato ef al.,
2000). Therefore, the ability to germinate and release pollen can serve as an appropriate
benchmark for determining a crop's sensitivity to high temperatures, and this is used as
a standard in breeding programs to choose heat-resistant varieties (Comlekcioglu and
Soylu, 2010). According to Zhou et al. (2015), pollen tube growth in the heat-tolerant
genotype was unaffected by heat stress and resulted in higher fruit set than the control.
Heat-tolerant genotypes produce more pollen grains than those that are not heat-

tolerant. The volume of released pollen grains decreases under high temperature stress
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in both heat-sensitive and resistant genotypes, but the decrease is more significant in
the susceptible ones (Sato et al., 2006). Bita et al. (2011) observed that the germination
percentage and tube growth of pollens collected from non-stressed conditions in both
heat-tolerant and sensitive genotypes are very high. However, when exposed to mild
heat stress conditions, heat-sensitive genotypes exhibit slightly smaller flowers with

malformed anther cones and significantly reduced pollen germination.

2.3.2 Stigma Exertion

Tomato is an autogamous species with a floral structure suitable for self-
pollination due to the anther cones (stamens) covering the style (also known as the
stigma or pistil). Various abiotic stimuli, such as heat stress during bud development,
significantly affect the position and maturity of the male (anther cone) and female
(style) organs in tomato flowers, resulting in stigma (style) exertion (Pan et al., 2019).
High temperatures during the reproductive stage notably cause the style to extend
beyond the anther cone, potentially hindering self-pollination (Faruq et al., 2012;
Giorno et al., 2013). According to Pan et al. (2019), the exertion of tomato stigmas
caused by heat stress is associated with JA signaling and various other variables and
mechanisms. It was observed that stamens are more susceptible to heat stress than the
pistil, leading to differences in cell morphology and resulting in stigma exertion in the
presence of high temperature. Heat stress controls cell shape and number, affecting the
divergent coregulation of pectin, sugar, expansion, and cyclin in both stamens and
pistils. Both stamens and pistils require auxin to regulate growth inhibition induced by
high temperature. The JA/JA receptor CORONATINE-INSENSITIVE 1 (COIl)
signaling pathway plays a significant role in stigma exertion, and Jasmonic acid is

crucial for protecting pistils against high temperature (Pan et al., 2019).

Fruit setting ability is impacted by the stigma and style exertion in high
temperatures. Under high temperatures, tomato cones split and the stigma tube grew
longer. In most flowers, unnecessary style extension decreased pollen access to the
stigma in genotypes that are susceptible to heat and decreased fertilization (Alsamir et
al., 2017). The genotypes that develop flowers at high temperatures with no stigma

exertion are stable and provide a lot of fruit. The main factors affecting reproductive
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success at high temperatures are the survival of male and female gametes and the degree
of style protrusion (Bhattarai et al., 2016). Fruit setting has a lower heredity than style

exertion, which has a rather high inheritance.

2.3.3 Pollen Viability

The reproductive phase of tomato plants starts with pollen development, and
this is more sensitive to high temperatures than female gametophytes and other
vegetative parts (Bokszczanin ef al., 2013). Even a slight increase in temperature above
average significantly affects pollen viability and production (Thomas and Prasad,
2003). Studies have observed a reduction in tomato pollen formation, release, viability,
germination ability, fruit set, and production at temperatures higher than average levels
(Peet et al., 1997; Sato et al., 2000; Pressman et al., 2002). Reports indicate that the
most heat-sensitive developmental stage in tomato plants is 7—15 days before flowering,
as spindle formation during the meiosis phase is highly sensitive to high temperatures
(Sato et al., 2006). According to Pressman et al. (2002), the impact of heat stress on
pollen viability is linked to carbohydrate metabolism during anther growth. Soluble
sugar concentration in pollen slightly increases at moderate temperatures, but
consistently high temperatures prevent starch concentration from rising and result in

decreased soluble sugar in mature pollen, which likely reduces its viability.

According to Miiller et al. (2016), the altered localization of two pistil-specific
gene products, TRANSMITTING TISSUE SPECIFIC (TTS) and TOMATO
AGAMOUS LIKEI11 (TGL11), is responsible for the simultaneous decline in pollen
viability and abnormal pistil-like anther production under high temperatures. This is
associated with reduced expression of B-class genes in the anthers, including
TOMATO APETALA3 (TAP3), TOMATO MADS BOX GENE6 (TM6), and
PISTILLATA (PI) (Kramer et al., 1998; Busi et al.,, 2003; de Martino et al., 2006).
These studies showed that the downregulation of tomato B-class genes caused by high
temperature stress leads to increased anther deformities and decreased male fertility
(Miiller et al., 2016). A, B, C, D, and E are the five classes of the ABCDE model genes
that encode MAD-box TFs (Rijpkema et al., 2006; Smaczniak et al., 2012), except for
the class A gene APETALA2 (AP2) (Jofuku et al., 1994). According to Wellmer et al.
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(2014), the classes of Arabidopsis are as follows: AP1 is in class A, AP3 and PI are in
class B, AGAMOUS (AGQG) is in class C, SEEDSTICK (STK), SHATTERPROOF1
(SHP1), and SHP2 are in class D, and SEPALLATA1 (SEP1), SEP2, SEP3, and SEP4
are in class E. Additionally, the AGAMOUS-LIKE 6 (AGL6)-clade genes, AGL6 and
AGL13, are crucial for floral organ development, especially ovule production (Murai,
2013). Expression of the B-class PI, TAP3, and TM6 genes is reduced in the anthers of
tomatoes under mild heat stress (Muller ef al., 2016). Temperature elevation causes
TMG6 to partially shut down, which decreases the occurrence of pistilloid anthers, pollen
viability, and pollen production. Several factors directly or indirectly associated with
pollen thermotolerance regulate the viability of tomato pollen. For example, secondary
metabolites accumulated in mature pollen, such as flavonoids, may mitigate the damage

caused by ROS scavengers (Paupiere ef al., 2017).

Both the early and late stages of pollen development were adversely impacted
by HS. At different stages of pollen development, a complex network of metabolites
and plant hormones is involved in the thermotolerance mechanism of tomato pollen; the
early stage of pollen development involves the accumulation of unfolded protein
response (UPR) in the endoplasmic reticulum (ER), cytoplasm, ROS homeostasis,
metabolic reprogramming, carbohydrates, changes in histones, alternative splicing,
plant hormones, and gibberellins and the later stage involves polyamines, flavonoids,
UPRs, ROS, amino acids, plant hormones and carbohydrates. Additionally, successful
fruit and seed development was also aided by compatible stigma and pollen (Raja et
al., 2019). Therefore, while creating strategies to increase tomato fruit production in

high-temperature environments, these aspects need to be taken into account.

The pollens can be utilized to analyze the nature of the entire plant under various
environmental conditions because they are very sensitive to even little environmental
changes. In comparison to sensitive genotypes under high temperatures, genotypes that
exhibit high temperature tolerance have higher pollen viability. So the high temperature
tolerance in the tomato can be correlate with the pollen viability under high temperature

(Pressman et al., 2002).
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2.3.4 Days to First Flowering

Heat stress has also been linked to early flowering and flower abortion, as
reported in tomato (Sato et al., 2004), pea (Guilioni et al., 1997), mungbean (Sharma
et al.,, 2016) and common bean (Omae et al., 2012). The critical period of vulnerability
to high temperature (32/26 °C) is 7 to 15 days before anthesis (Sato et al., 2002). Growth
chamber and greenhouse trainings suggest that when flowers first appear, high

temperatures are most detrimental and the susceptibility lasts 10 to 15 days.

2.3.5 Number of Flowers per Cluster

The environmental conditions, such as temperature, have an impact on the
number of flowers in the inflorescence (David ef al., 1996). High temperatures during
flowering can lead to reduced flower counts and lower yield due to damage to flower
organs (Morrison and Stewart, 2002). Additionally, it decreases the number of

flowering branches and the amount of flowers per plant (Harsant ez a/., 2013).

Temperatures of 18.3-23.8C for squash, pumpkin, muskmelon, and cucumber,
and 23.8-29.4C for watermelon, are optimum for crop growth and development.
Temperatures above 35°C reduced flowers and sugar content in cucumber (Cucumis
sativus L.) and watermelon (Citrullus lanatus L.) (Lai et al, 2018). In many crop
species, including tomato, high-temperature stress causes flower bud abortion and
abscission of reproductive organs (Levy ef al., 1978; Pressman et al., 2002; Sato et al.,
2002). High temperature (32/28° C) has a negative impact on tomato flower initiation

and development (Levy et al., 1978; Sato et al., 2002).

Abdelmageed and Gruda (2009), observed that heat-resistant and heat-
susceptible tomato lines exhibited diverse morphological traits in terms of fruit and
flower numbers, fruit weight percentage, and set. The outcomes varied in both field and
glasshouse environments across 11 tomato lines. 'CLN-1-0-3' produced the most
flowers in each plant, while 'Omdurman' and 'UC-82-B' produced the fewest. High
temperatures primarily result in decreased bud or flower formation and flower drop.

This finding was consistent with El-Ahmadi and Stevens (1979), who found that a heat-
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sensitive cultivar only produced dropped flowers at high temperatures. Under high
temperature conditions, the total flower number is compensated by prolonged flowering
or larger inflorescence output (Xu et al., 2017). Similarly, under moderate temperature
conditions, cultivars with more flowers per inflorescence experienced lower flower
abortion, resulting in fewer unfertilized flowers (Kugblenu et al., 2013). There is a
positive correlation between reproductive heat tolerance and the number of flowers per

inflorescence (Xu et al., 2017).

2.3.6 Number of Fruits per Cluster

The proportion of flowers that produce fruits (fruit set) is affected by high-
temperature stress (Prasad et al., 2000). The maintenance of stem cells in shoot and
floral meristems is regulated by the CLV-WUS signaling system, which affects various
agronomic parameters, including the number of flowers and fruits (Fletcher, 2018). In
the early stages of tomato fruit development, the CLV-WUS feedback loop controls
meristem activity and floral meristem size. In the later stages, it regulates carpel number

in flowers and, consequently, seed locules in fruit (Rodrguez-Leal et al., 2017).

Peet et al. (1998) discovered that high temperatures (29 °C) reduced fruit
number (10%), total fruit weight/plant (6.4%), and seed number/fruit (16.4%) in male
fertile tomatoes when compared to optimal temperatures (25°C). Thuy and Kenji, 2015
also observed that, in comparison to normal temperature (33/21°C), HS (38/30 °C)
significantly reduced the weight (51.6%), diameter (25%), length (30%), and number
of seeds per fruit (57%) of sweet peppers. Abdelmageed and Gruda (2009) observed
that the outcome of fruit number per crop were diverse in heat resistant and heat
susceptible tomato lines and the outcomes were differed in field and glasshouse
environments in 11 lines of tomato. The heat resistant lines yielded the biggest fruits
number compared to the susceptible line under open field conditions and yields average
fruits number per crop in glasshouse; in contrast the fruits number was ‘zero’ in the

heat susceptible line in glasshouse condition.
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2.3.7 Total Yield

The yield of fruits in vegetable crops depends on both the number and size of
the fruits. Variations in weather, such as temperature and rainfall, can decrease crop
yields. According to research by Hansen et al. (2016), the rising temperatures due to
climate change will greatly reduce crop yields and production. In high temperatures,
the functions of gametes (pollen and ovule) play a critical role in fruit production.
Prasad et al. (2017) found a strong positive correlation between fruit production and
the viability of gametes. In tomato, Firon ef al. (2006) also observed the correlation
between fruit-set and pollen viability. High temperatures (>30°C) significantly affect
the development of male and female gametophytes, leading to poor growth and
abnormalities in reproductive tissues, which hinder fertilization in various plant species
(Prasad et al., 2017). In general, compared to heat susceptible genotypes, heat tolerant
genotypes sustain better pollen viability (Dane et al., 1991). In reality, tomatoes
cultivated at 32/26°C day/night temperatures were unable to release enough pollen,
which results in reduced fruit set (Sato et al., 2000, 2006). HS has also been shown to
impact the flower pollination rate in tomato, leading in low fruit set with reduced

lycopene content and fruit quality (Alsamir ef al., 2021).

Gamete viability, which can be determined by viability assays such as staining,
in-vitro and in-vivo pollen germination, and ovule function, determines how well a
gamete performs. Under high temperature, gamete viability varies between genotypes.
The fruit set decline under optimum high temperature stress may occur mainly because
of the decline in pollen release and viability (Sato et al., 2006). Previously, Sato ef al.
(2000) failed to find a clear correlation between the number of produced pollen grains
and fruit set. Later, they came to the conclusion that the most crucial variables affecting
fruit grown in high temperature conditions are pollen release and viability. The male-
fertile tomato plants produced less fruit than the male-sterile lines due to the high
temperature's impact on pollen formation and release. Similarly, fruit set and fruit size
in tomato plants decreased at 29/23 °C compared to 24/18 °C (Saha et al, 2010). A
study by Vijayakumar et al. (2021) also found that yield per plant significantly

decreased at high temperature (36 +/-2 °C) in tomato genotypes compared to control
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temperature. HS severely harmed fruit set in tomato exposed to 40°C for 4 hours before
anthesis and lowered pollen germination from 79.5% (at 30/17 °C) to 30% and pod set
in peas from 63% (at 30/17 °C) to 14.9% (Rudich et al., 1977). Singh et al. (2015)
concluded from their research that variables like fruit set and pollen viability might be
utilized as a way to screen genotypes for heat stress in tomato. So in general, HS
tolerance is provided by the combination of gamete viability and fruit set (Paupiere et
al., 2017; Pham et al., 2020). Similarly, observations were also made on peppers

(Reddy and Kakani, 2007).

2.4 PHYSIOLOGICAL PARAMETERS

Heat stress is known to adversely affect a number of important physiological,
biochemical, and metabolic processes in plants as well as to disturb normal cellular
homeostasis (Hasanuzzaman et al., 2013). According to Hu et al. (2015), it encourages
the overproduction and accumulation of reactive oxygen species (ROS), as well as the
production of malondialdehyde (MDA) as a result of lipid peroxidation,
photoinhibition, protein denaturation, and the buildup of suitable solutes. According to
Wahid et al. (2007), the oxidative stress caused by heat stress results in cellular damage,
membrane protein breakdown, lipid peroxidation, degradation of photosynthetic
pigment, and denaturation of enzymes and nucleic acids. In addition, Heat stress
also impairs plant respiration and photosynthesis, shortening the life cycle and lowering

plant yield (Barnabas ef al., 2008).

Tomato cultivation at temperatures beyond the optimum range has a negative
impact on plant growth and reduces productivity (Zhang et al., 2014; Sato et al., 2006).
In tomato crop water relations, concentration of compatible osmolytes, cell membrane
thermo integrity, photosynthesis, and alterations in hormones are important

physiological reactions to heat stress.

2.4.1 Stomatal Conductance

Stomatal conductance measures the rate of carbon dioxide entering or water

vapor exiting stomata. Changes in leaf temperature and water potential are made
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possible by this variation in transpiration rate (Farquhar and Sharkey, 1982). Leaf
stomatal conductance is frequently acknowledged as a crucial characteristic for
assessing variations in responses to different environments. In order to respond to
changes in the growing environment, leaves retain stomata machinery during primary
synthesis and respiration processes. This machinery controls gas exchange and water
vapor between the atmosphere and the intracellular space (Negi ef al., 2008). It can be
used to analyze traits including water loss, leaf temperature, and photosynthetic CO2
uptake (Lawson and Vialet-Chabrand, 2019). The growth, development, and biomass
of plants can be dramatically impacted by decreased stomatal activity in a changing
environment (Way and Pearcy, 2012). Stomatal density and status are influenced by the
temperature on the leaf surface; for instance, a complex network of stomata that
regulates gas exchange and water vapor is formed to respond to abiotic stressors
(Reynolds-Henne et al., 2010). It was observed that in comparison to plants grown
under control circumstances (25°C), tomato plants of the cultivar Campbell 28 had
higher stomatal conductance after heat treatment (45°C), showing that stomatal closure
was not responsible for the decrease in CO2 (Camejo et al., 2005). While some studies
have indicated that stomatal conductance decreases substantially in plants exposed to
HS (Weston and Bauerle, 2007; Lahr et al., 2015; Von caemmerer and Evans, 2015),
others have found that stomatal conductance increases in plants exposed to HS (Radin

etal., 1994; Zhou et al., 2015).

Stomatal conductance can be measured in vivo using a leaf porometer and gas
exchange in a steady state. In comparison to the control, HS enhances in vivo adaxial
stomatal conductance (Sharma et al., 2016). According to Matthews et al. (2018), low
stomatal responses under stress can reduce photosynthetic rate and lead to unnecessary
transpiration, which decreases plant water use efficiency and productivity. This
phenomenon has been utilized to choose heat-tolerant genotypes of tomato, chickpea,
mungbean, and sweet pepper (Hanyingm et al., 2001; Camejo et al, 2005;
Abdelmageed and Gruda, 2009). Even though numerous studies have used one of the
aforementioned qualities to choose heat-tolerant genotypes, integrating multiple
measures would more accurately indicate heat tolerance than depending on a single

trait.
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2.4.2 Electrical Conductivity of Leaf

Under stress, the continued function of cellular membranes is essential for
processes like respiration and photosynthesis (Blum, 2018). Heat stress increases the
kinetic energy and motion of molecules in membranes, which cause biological
membrane molecules to loose chemical bonds. This results in either a denaturation of
proteins or an increase in unsaturated fatty acids, which increases the fluidity of the
lipid bilayer of biological membranes (Savchenko et al., 2002). As a result of increased
permeability or solute leakage from cells, HS disrupts the key processes of plant-like
photosynthesis and respiration. Heat stress influences the change of membrane fluidity
in plasma membrane in plants and activates the cyclic nucleotide-gated calcium
channels, resulting in Ca?* movement into the cytoplasm from the apoplastic space. The
stability and roles of biological membranes are vulnerable to high temperature, as heat
stress changes the tertiary and quaternary structures of membrane proteins, increasing
membrane penetrance as evidenced by increased electrolyte loss (Savchenko et al.,
2002). Heat stress is measured by the amount of heat perceived by cell membranes in
leaf tissues, which weakens cell membrane integrity/rigidity due to an increase in
unsaturated fatty acids, which increases membrane fluidity. This may alter membrane
permeability and disrupt the selective transit of molecules across the membrane, so
interfering with cellular homeostasis (Marcum, 1998). Through photochemical changes
during photosynthesis or ROS, HS can directly influence membrane integrity (Bita and

Gerats, 2013).

Under stress circumstances, ionic leakage is linked to ROS buildup (Demidchik
et al., 2014). Drought stress has been linked to increased ion leakage in drought-
sensitive tomato plants (Thirumalaikumar ef al., 2018). There are two popular methods
for estimating heat tolerance in plants: (i) the common ion leakage measurement based
on the total electrical conductivity released before and after heating, and (ii) the
estimation of basal heat tolerance based on cell suspension or gradual (linear) heating
of plant segments (Ilik er al, 2018). Total ionic leakage is one of the most critical
elements in determining plant responses to abiotic and biotic stimuli since it is linked

to stress-induced injury in plants connected to programmed cell death (Zhu, 2016). The
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efficiency of cell membrane thermostability experiments decides on the kind of tissue
and stress utilized in plant adaptation. It's also unclear if membrane thermostability is

related to other plant traits that confer heat resistance, such as growth and yield.

The screening for heat tolerance can be tested using an electrolyte leakage test
to determine the cell membrane thermostability (CMT). The technique can be used to
evaluate plant tissue responses at the vegetative stage and is easy, rapid, and affordable
when compared to wholeplant screening (Yeh and Lin, 2003). A conductivity meter is
used to monitor electrolyte leakage, and higher conductivity values indicate greater
membrane degradation (Nyarko et al., 2008). The CMT test has been used to screen
heat-tolerant varieties and heat-sensitive genotypes of many crops, including tomato
(Chen et al., 1982), soybean (Martineau et al., 1979), potato (Nagarajan and Bansal,
1986), cowpea (Ismail and Hall, 1999), cabbage (Nyarko et al., 2008), chickpea (Kumar
et al., 2013), mungbean (Sharma et al., 2016), cucumber (Ali et al, 2019) and
cauliflower (Aleem et al., 2021).

Alsadon ef al. (2006) studied heat resistance in twenty tomato lines at different
steps of growth and perceived striking variability in heat resistance. Edkawi variety was
found to have the highest average electrical conductivity values at the vegetative stage
(63.12 mho/cm), and it was followed by Pakmore VF, Castle Rock, Chico, Pakmore,
and Tnshet Star. They also discovered that these lines had higher susceptibility to heat
stress at vegetative step. The markedly lowermost average value for EC was found in
the Pearson, Super Strain-B, Queen, VFN-8, and Strain-B varieties, indicating that
these lines had the best function and were resistant to heat stress at vegetative phase.
The other nine genotypes detected as mild heat stress resistance as they have average
mean values for EC. The heat resistant variety had the lowest average values in the
following phase, whereas the heat susceptible types had the highest average values. The
remaining kinds, which displayed average EC values, were found to be moderately heat
resistant. In the fruiting step also same pattern were observed. The same findings were
perceived in cowpea and wheat by Saadella et al. (1990), Kuo et al. (1993) and Ismail
and Hall (1999).
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2.4.3 Photosynthetic Rate

Photosynthesis is identified as a physiological marker which is highly sensitive
to high temperatures. Temperature will rise as atmospheric CO> levels rise, which may
have a significant impact on the yield and distribution of several crop genotypes in the
future (Wahid et al., 2007). Heat stress has a negative impact on respiration and
photosynthesis, resulting in a shorter life cycle and a considerable loss in plant
productivity (Barnabas et al., 2008). The reaction to HS begins with structural changes
in chloroplast protein complexes and decreased enzyme activity (Bita and Gerats,
2013), followed by cell membrane damage and microtubule organization. Because HS
negatively affects membrane permeability, cytoskeleton can also be damaged, may
result in changes in cell differentiation, elongation, and expansion (Smertenko ef al.,
1997; Potters et al., 2009). Under HS, maintaining cellular membrane function is
critical for long-term and steady photosynthetic and respiratory continuation (Chen et
al., 2012). Swelling and aberration of grana stacks on photosynthetic membranes have
been documented by some studies, resulting in changes in energy distribution to
photosystems and ion leakage from leaf cells (Wahid and Shabbir, 2005; Allakhverdiev
et al., 2008).

Several studies have been conducted to investigate the affected photosynthetic
pathways and mechanisms, which eventually diminish plant photosynthetic capability
(Berry and Bjorkman, 1980; Sharkey, 2005). HS mostly disrupts thylakoid processes,
Rubisco activity, and photosynthetic pigments. HS predominantly impacts the physical
condition and structure of the thylakoid membrane by causing leakiness and unstacking
thylakoids, hence harming the PSII D1 protein (Sharkey, 2005). To counteract these
processes, zeaxanthin production increases, disrupting thylakoids' normal condition
(Havaux, 1996). HS disrupts electron transfer between the two photosystems (PSI and
PSII), lowering plant photosynthetic efficiency. Heat stress moreover accelerates the
phosphorylation of the light-harvesting complex (LHCII) and disconnects it from the
PSII core complex, lowering its turnover rate while raising PSI's (Wise et al., 2004).
HS dephosphorylates key proteins (D1, D2, and CP43), causing PSII to become inactive

(Yamamoto et al., 2016). The Fv/Fm ratio, which helps to assess the quantum efficiency
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of PSII and determines the rate of linear electron transport and overall photosynthetic
activity of plants, will altered by heat stress (Sharma et al., 2015). In soybean, it was
observed that high temperature condition reduced chlorophyll fluorescence, increased
PII quantum yield, photochemical quenching, and increased respiration rate
(Djanaguiraman et al., 2013). Along with thylakoid reactions, HS causes Rubisco
deactivation (Crafts-Brandner and Salvucci, 2000). Rubisco is a dual enzyme that
catalyzes the carboxylation of ribulosel-5-bisphosphate in the photosynthetic Calvin
cycle as well as oxygenation in the photorespiratory pathway; the ratio between the two
reactions regulates the plant's photosynthetic efficiency. However, increased
temperature slows CO: fixation, increases oxygenase activity, and decreases
photosynthetic rate (CraftsBrandner and Salvucci, 2000). Rubisco activation is linked
not only to stromal pH and Mg2+ concentrations, but also to Rubisco activase (RA), an
ATPase. Rubisco activase stimulates Rubisco activation by raising the fraction of active
sites and causing conformational changes that allow CO> and Mg>" for activation and
carbamylation. High temperatures can cause stroma pH and Mg®" concentrations to
fluctuate, interfering with the carbamylation stage of Rubisco activation, as well as
rubisco activase dissociation due to its poor structural stability and heat lability
(Demirevska-Kepova and Feller, 2004). Few studies have found that heat stress affects
photosynthesis via heat sensitivity of Rubisco and rubisco activase activity. For
example, heat stress (40°C for 8 hours for 6 days to 3 weeks old plant) decreased the
accumulation of Rubisco enzyme isoforms in tomato (Parrotta et al., 2020), like as
in pea (Haldimann and Feller, 2005), potato (Cen and Sage, 2005), and spinach (Zhao
Q. et al., 2018). Changes in numerous photosynthetic processes in heat stress are
accurate indicators of crop thermoresistance because they correlate with growth. Crop

development can be hampered at high temperatures when photosynthesis is reduced.
2.4.4 Chlorophyll Content

The growth of plants and yield are impaired by decreasing chlorophyll under
high temperature stress, which leads to a decrease in photosynthetic rate. In cucumber,
heat stress reduced the activity of the first enzyme in the chlorophyll biosynthetic
pathway, S-aminolevulinate dehydratase (Tewari and Tripathy, 1998). Reduced
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chlorophyll content, chlorophyll a/b ratio, and chlorophyll/carotenoid ratio have been
documented in various crops under heat stress (Aien et al., 2011). Aleem et al. (2021)
reported that pea plants exposed to heat stress shows reduced chlorophyll production
due to the loss of several enzymes involved in biosynthetic pathways. Under stress
condition when the enzyme that forms carbon-carbon and carbon-nitrogen bonds in the
pyrrole ring of porphobilinogen that is 5-aminolevulinic acid dehydratase
(porphobilinogen synthase), is inactivated causes decreases in chlorophyll

content (Taiz and zeiger, 2015).

The photosynthetic rate is related to the amount of chlorophyll in the leaves
(Lin et al., 2011). By boosting chlorophyllase activity and decreasing the amount of
photosynthetic pigments, HS lowers photosynthesis and respiratory activity (Todorov
et al., 2003; Shar key and Zhang, 2010). Reduced photosynthesis under heat stress is
associated with a decrease in chlorophyll content; lipid peroxidation of the chloroplast
and thylakoid membranes is the primary cause of the decreased chlorophyll content
(Camejo et al, 2006). The negative impact of heat stress on chlorophyll and the
photosynthetic machinery causes an increase in reactive oxygen species (ROS), which
are involved in biotic and abiotic stress responses (Vara Prasad et al., 2000; Shi et al.,
2015). Stay-green or delayed senescence is one of the heat resistance traits in tomatoes,
and under high temperature conditions, tomato genotypes cannot stay green due to a
decrease in chlorophyll a, chlorophyll b, and carotenoid content, resulting in early

chlorosis and withered leaves (Zhou et al., 2015).

2.4.5 SOD Activity

Plants develop active oxygen species in response to stress situations such as
high temperature, which impairs plant metabolism and eventually leads to death.
Antioxidants are created as a defense strategy to avoid this (Rivero et al., 2004). Severe
HS produces ROS as an outcome of aerobic metabolism, such as hydrogen peroxide
(H20.) and superoxide radical (O2), which negatively affect cellular metabolism, such
as lipid peroxidation, and damage nucleic acids and proteins (Bita and Gerats, 2013).
Plants respond to ROS generation by activating ROS scavenging mechanisms, both

enzymatic and non-enzymatic (Bita and Gerats, 2013). Superoxide dismutase (SOD),
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catalase (CAT), peroxidase (POX), ascorbate peroxidase (APX), and glutathione
reductase (GR) are the principal ROS scavenging enzymes, whereas ascorbic acid
(ASC) and glutathione (GSH) are non-enzymatic chemicals (Suzuki et al., 2012). SOD
aids in the scavenging of Oz, whereas CAT and POX degrade H>O. Elevated levels of

these antioxidants are essential for plant thermotolerance (Awasthi et al., 2014).

Antioxidant defense is critical in tomato plant response to a variety of abiotic
stressors. To improve heat tolerance, tomato plants must regulate salicylic acid and
activate other metabolic pathways; as heat stress causes serious damage to antioxidant
enzymes function (Jahan ef al., 2019). Several antioxidative enzyme activities, such as
SOD, POX, CAT, APX, guaiacol peroxidase (GPX), GR, etc., are generally reduced
under heat stress (Balal et al, 2016) and are upregulated in response to stress,
particularly in tolerant species or in response to ameliorants (Balal et al, 2016).
Superoxide dismutase and ascorbic acid peroxidase are involved in the antioxidant
defense mechanism in tomato plants in response to the detrimental effects of high
temperature (Zhou ef al, 2019). In tomato, the relationship between antioxidant
enzymes and HS is much more complex, where activity of SOD, APX increased and
CAT activity decreased. where in chickpea, tolerant genotypes had higher SOD, CAT,
APX, and GR activity than sensitive genotypes (Kumar ef al., 2013). In contrast to
severe HS, moderate heat stress boosts the expression of a number of enzymatic

antioxidants (Wilson et al., 2014).

2.4.6 Relative Water Content

Under changing climatic temperatures, crop water situation is an
imperative variable (Mazorra et al., 2002). The relative water content of plants displays
their hydration status and represents the balance between leaf water supply and
transpiration rate. As a result, it can assess leaf water deficit and the extent of damage
caused by HS (Mullan and Pietragalla, 2012). High transpiration causes an increase in
water loss, which can lead to tissue dehydration and wilting (Mazorra et al., 2002).
Increased transpiration during the day influences crop water deficit, resulting in a loss
in water potentiality and causes disturbance of many physiological parameters

(Tsukaguchi et al., 2003). High temperatures can cause crops to lose more water during
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the day than at night (Wahid et al., 2007). The degree of plant stress is determined by
the status of water potential and cell turgor (Nduwimana et al., 2017), and optimal
vegetative and reproductive development of tomato plants requires high water potential
(Torricellas et al., 1995). As a result, genotypes that can retain turgid leaves will have
less heat stress effects and have various physiological advantages. Gowda et al. (2011)
proposed utilizing the relative water content as a selection criterion to increase yield
under high temperature stress. High temperatures (40-42°C) during the vegetative and
reproductive stages gradually reduced the relative water content of capsicum
genotypes, with the reproductive stage being the most affected (Puneeth, 2018). Heat
stress disrupted the hydraulic conductivity of root and leaf water relationships in

tomatoes (Morales et al., 2003).

Temperature stress caused osmotic stress and yield loss due to a decrease in
cellular water content and osmotic potential (Zhang ef al., 2011). Reduced water loss
and enhanced water uptake, maintained plant water relations during stress, and boosted
stress tolerance (Kumar, 2010). According to Liu and Huang (2000), the enhanced
tolerance in bent grass under heat stress conditions was attributable to the maintenance
of optimal water status under stress conditions. Heat tolerant genotypes exhibited a low
membrane injury index, a high relative water content, and high metabolic activity
(Deshmukh et al., 2001). Relative water content has been employed to select heat-
tolerant genotypes of mungbean (Sharma et al., 2016), lentil (Sita et al., 2017),
common bean (Chavez-Arias et al., 2018), capsicum (Puneeth, 2018), tomato (Zhou et

al., 2018), cucumber (Al et al., 2019), and potato (Handayani and Watanabe, 2020).

2.4.7 Vitamin C content

Environmental conditions and genetic constitution have a significant impact on
tomato plant ascorbic acid levels (Brown, 1955). Ascorbic acid's antioxidant capability
highlights its importance in plant stress response (Matteo, 2010). It is one of the factors
which determine the quality of tomato fruit (Ward, 1964).

According to Herndndez et al. 2018, applying temperature stress during

blooming and fruit set stages raised vitamin C content, and there may be a link between
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vitamin C content increase and plant metabolism adaption to high-temperature stress.
Dasgan et al. (2021) observed that vitamin C content of tomato genotypes increased
significantly during high-temperature stress, with an average increase of 3.54% in all
tomato genotypes. Another study of high-temperature stress in tomato genotypes found
no significant difference in vitamin C content between sensitive genotypes under stress
compared to the control, while all tolerant genotypes had increased vitamin C content
(Lokesha et al., 2019). It was studied that the quality parameters like lycopene content,
total sugars, flavanol content decreases in both tolerant and susceptible genotypes but
the extend of this reduction was considerate in tolerant ones (Vijayakumar and Beena,

2023).

2.5 ANATOMICAL STUDY OF ANTHER

Male gametophytes develop in specialized organs of the flowers called anthers,
which are made up of epidermis, endothecium, tapetum, and connective tissues that
surround the sporogenous cells (Goldberg et al., 1993). The tomato androecium is
composed of six anthers grouped in a ring around a central cavity through which the
style protrudes. Individual anthers are tetrasporiangiate and bithecal. Pollen
development happens within the four locules, which are bounded by the tapetum's
sporophytic cell layers, the middle layer, and the epidermal layers. The endothecium
may or may not be visible, but it is usually more visible in the wall enclosing the adaxial
locules. Each theca's pair of locules is separated by four to six cell layers of connective
tissue, with the interlocular septum separating the connective tissue from the stomium.
With development, there is a steady loss of cells in the sporophytic layers (Brukhin et
al., 2003; Senatore et al., 2009).

Temperature changes during the time of flowering can cause morphological
changes in flower organs. The intensity (temperature degrees), duration, and rate of the
temperature increase all influence these alterations. It has been discovered that
phenotypic changes may occur in tomato flowers exposed to prolonged high
temperature. Heat stress-induced changes in early buds and flowers during anthesis
were characterized by aberrant anthers and style elongation (Giorni ef al., 2013). Male

sterility caused by high temperatures appears to be linked to morphological changes in
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sporophytic anther tissues such as the tapetum, epidermis, endothecium, and stomium
(Sato et al, 2002). Giorni et al. (2013) revealed the presence of significant
modifications in tomato sporophytic and gametophytic tissues after 3 days at 36 °C/26
°C (day/night). Most major modifications occur in the tapetum layer, but mature
microspores with altered vacuolization are also affected. Similar changes have been
observed in other crop species (Oshino et al., 2007). The development of male
gametogenesis and, consequently, the proper formation of microspore cells, as reported
in male sterile mutants, may be significantly impacted by Heat stress induced tapetal
defects because the tapetum normally secretes callase to release the microspores from
the tetrad wall and acts as a nutritional source during microspore development (Sakata
et al., 2008). Sato et al. 2002 also reported that analysis of mature anthers produced in
long-term mild heat (i.e. several days at 32/26°C, day/night) revealed reduced stomium
cell disintegration and structural anomalies of the anther wall, in addition to dead

pollen.

2.6 MARKER-ASSISTED SELECTION

As previously stated, phenotype-based selection is susceptible to environmental
factors, which can lead to erroneous results especially when the characteristic is
complex and imparted by polygenes or QTLs. In such cases, genotype-based selection
is more effective, precise, and rapid than phenotypic selection. Using markers
connected to the gene of interest, genotype-based selection rather than phenotype-based
selection is conceivable. Genotype-based selection employs DNA markers that are
intimately connected to the desired gene(s) (Collard and Mackill, 2007). The initial
stage in MAS is to locate markers connected to the gene or QTL utilizing mapping
populations or association mapping, which uses a panel of genotypes to identify liked
markers. Following that, these markers are utilized to determine gene transfer to

progeny populations.

A DNA marker is often stemmed from a small section of DNA that shows
sequence polymorphism among individuals within or between species. DNA markers
that are phenotypically neutral and identically unconstrained in number have enabled

the scanning of the entire genome and the assignment of landmarks in high density on
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each chromosome in a variety of crop species, including tomato. Several types of
molecular markers, including RFLP (restricted fragment length polymorphism), AFLP
(amplified fragment length polymorphism), SSR (single sequence repeat), and SNPs
(single nucleotide polymorphisms), have been improved and progressed over the last
two decades, and the amount of variation in each marker can be determined. Gene
mapping and discovering gene correlations with specific traits are useful for genetic

crop improvement using this strategy (Ruane and Sonnino, 2007).

To define, any trait that is exhibited in several forms and inherited in a basic
Mendelian method can be considered and used as a genetic marker. More than 1300
morphological, physiological (e.g., male sterility, fruit abscission, fruit ripening), and
disease resistance genes have been identified in tomato (Kalloo, 1991), but only 400
have been mapped (Mutschler et al., 1987; Tanksley, 1993; Chetelat, 2002). Isozymes,
the second generation of genetic markers, became well-known in the 1970s and early
1980s. In tomato, 41 isozymic genes have been identified that correlate to 15 distinct
enzymatic reactions, 36 of which have been mapped onto the 12 tomato chromosomes
(Tanksley, 1993; Tanksley and Bernatzky, 1987). Despite their numerous advantages,
isozyme markers are scarce and sometimes not polymorphic between closely related
lines (Foolad et al., 1993; Tanksley and Orton, 1983). With the introduction of DNA
marker technology in the 1980s (Botstein et al, 1980) and early 1990s, many
limitations associated with isozyme and morphological markers were overcome, and
genetic mapping entered a new exciting and developed era with the promise of

dramatically improved crop breeding and genetics study.

High temperature tolerance is strongly linked to polymorphic markers. Because
of the increased polymorphism rate, simple sequence repeats (SSR) are molecular
markers that are significantly more efficient, cheaper, and easier to utilize in marker
assisted selection for crop improvement (Gao ef al., 2016). Using gene pyramiding,
identifying SSR markers associated with QTLs contributing to heat tolerance has
enormous promise in breeding programs (Ali ef al., 2022). SSR markers are a useful
tool for geneticists and breeders in correlating phenotypic and genotypic differences.

Conti et al. (2019) used sixteen tomato-specific markers to investigate the effects of
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drought stress on Italian tomato varieties. SSR248, SSR47, SSR70, and SSR603 were
discovered to be drought-specific. SSR248 and SSR47 were utilized to assess other
abiotic and biotic stressors as well as genetic diversity (Suliman- Polltschek et al.,
2002). Wen et al. (2019) found twelve possible QTLs associated with heat stress
tolerance, six of which showed a positive additive effect, indicating that heat tolerant
parents contributed to improved heat tolerance. Markers flanking the QTLs were also
found; among the flanking markers identified were SSR134, SSR96, and SSR13, in
which SSR134 being used in this study. SSR134 was discovered to have the most
phenotypic variance as well as the highest positive additive impact, indicating its

potential application in breeding programs.

Marker-assisted selection (MAS) provides major benefits in crop development,
but it also presents several obstacles. Creating and validating molecular markers for
qualities of interest can be costly and resource-intensive, and their effectiveness is
frequently limited to traits controlled by a few key genes, rendering them unsuitable for
complicated polygenic traits impacted by environmental factors. Furthermore,
successful implementation necessitates specialized infrastructure, advanced
laboratories, and professional workers, which may not be readily available in resource-
constrained environments. There is also the possibility of a narrow genetic focus, as the
emphasis on specific markers might overlook other important agronomic traits, thus
limiting genetic diversity. Furthermore, verifying strong association between markers
and traits via linkage or association mapping can be time-consuming. Despite these
challenges, MAS remains a powerful tool in modern breeding programs when applied

strategically.
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3. MATERIALS AND METHODS

The objective of the thesis entitled “Physiological and molecular basis of
selective fertilization for high temperature stress tolerance in tomato (Solanum
lycopersicum L.)” was to screen the critical temperature for pollen germination of
tomato genotypes and to evaluate the thermotolerance of selectively fertilized tomato
hybrids through physiological and molecular techniques. The research work was
conducted at the Department of plant physiology, College of agriculture, Vellayani
during the year from 2019- 2024. Physiological and biochemical analyses were done at
monthly intervals after transplantation of tomato crop and the molecular analysis were

also done.

3.1. EXPERIMENT 1: ADVANCING THE TEMPERATURE TOLERANT
SELECTIVELY FERTILIZED HYBRID OF ANAGHA AND MANUPRABHA.

3.1.1. Location

The experiment was conducted in the open field located near Open Top
Chamber at College of Agriculture Vellayani, situated at 8° 5°N latitude and 76° 9’ E

longitude and an altitude of 29 m above mean sea level.

3.1.2 Experimental Material

The temperature tolerant selectively fertilized tomato hybrid Anagha x

Manuprabha was selected for advancing generations.
3.1.3 Experimental Details

3.1.3.1 Hybridisation Technique

The hybrid was advanced by selective fertilization technique. The F1 generation
of the cross Anagha and Manuprabha was selfed upto F4 generation to study and
improve the temperature tolerance in the hybrid. The F; hybrid seed i.e. the seeds from
selectively fertilized Anagha x Manuprabha cross was obtained by pollinating the
emasculated flower of Manuprabha with the pollen of Anagha after two hours of
incubation at critical temperature (36° C). In selective fertilization (SF) to develop the

F»> generation, the pollen from the hybrid was collected and exposed to the specific
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critical temperature (36° C). After two hours of incubation, the pollens were used to

pollinate the emasculated flowers of the same plant (Plate 1).
3.1.4 Layout of the Experiment and Design

The experiment was laid out in a completely randomized design (CRD). The

hybrids were kept in open condition.

3.1.4.1 Preparation and Planting

The seeds from the selectively fertilized fruits were collected at maturing stage.
The seeds were sown and the seedlings were raised at ambient temperature (34°C) as
F> generation. This process was continued upto F4 generation. At each stage the
physiological and biochemical parameters were taken and molecular analysis was done
to evaluate the best plant for the next generation. The lines with best physiological
character and showing the selected markers associated with temperature were selected

in each generation.

The potting mixture made up of FYM, sand and soil in 1:1:1 ratio was used for
filling the pots for the experiment. The crop was raised according to the package of
practices recommendations by Kerala Agricultural University (KAU, 2016). The potted

plants were maintained in open field for a period of 90 days.

3.1.5 Observations

3.1.5.1 Physiological Parameters

3.1.5.1.1 Pollen germination percentage

In the morning hours i.e. from 8.00 to 10.00 am, mature pollen grains from the
selected genotypes were collected. Collected pollens were incubated in the BOD
incubator (Rotary shaker cum BOD, Rotek, ROSI-1) maintained by the Department of
plant physiology, at 36° C for two hours in the standardized pollen germination medium
in a petri plate. After incubation the pollen germination was assessed using compound

microscope (Leica DC 7.5 V (10X)).
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Plate 1. Selectively fertilized fruit



3.1.5.1.2 Relative water content (%)

The relative water content of the plant sample was taken by taking the
fresh weight, turgid weight and dry weight of the sample. 1g of the plant leaf sample
was taken and cut into small pieces and taken the fresh weight. Then it was kept
immersed in water for 3 hrs to obtain the turgid weight by blotting the leaf. After the
estimate of turgid weight, the leaf samples were kept in hot air oven for 3 days at 80°C
to obtain the dry weight. The relative water content was obtained by substituting the

three values in the given formula

(Fresh weight — Dry weight)
RWC = , , , x 100
(Turgid weight — Dry weight)

3.1.5.1.3 Membrane integrity (%)

The % leakage in the plant was estimated by the method explained by
Sadasivam and Manickam (2008). The initial EC i.e. EC, was measured to sense the
slight degree of leakage by the discs due to the punching treatment by the conductivity
electrode. After 30 minutes of incubation, ECy i.e. the leakage of solute in the bathing
medium was measured. The beakers were then boiled for 10 minutes at boiling
temperature and the EC. was measured. The membrane integrity of the leaf sample was
calculated by substituting the three EC values in the known formula and the membrane

integrity was measured in terms of percentage leakage.

ECb—ECa
ECc

x 100

% leakage =

3.1.5.1.4 Stomatal Conductance

The portable photosynthetic system (CIRAS-3 SW, PP System International,
MA, USA) was used to measure stomatal conductance during daytime from 9:00 to
10:30 am. The measurements were taken from the 3rd leaves and expressed in mmol

m?2st,

3.1.5.1.5 Chlorophyll content (mg/g)
Chlorophyll content of leaf samples was estimated as per the procedure

described by Arnon (1949). A known quantity of leaf sample i.e. 0.5 g were taken and
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cut into small pieces. The samples were put in a test tube having 5 ml of DMSO: 80%
acetone mixture in a 1:1 volume per volume ratio. The samples in the mixture were
incubated overnight at room temperature in dark condition. The extracted liquid was
transferred to another tube and made up the volume to 5 ml using DMSO: 80% acetone
mixture. The absorbance was measured in spectrophotometer at 645 and 663 nm by
using DMSO: 80% acetone mixture as blank. The chlorophyll content in the plant

sample was calculated by substituting the absorbance value in the given formula
Chlorophyll a = (12.7 x Aes3— 2.69 x A 645) x V/1000 x 1/ Fresh weight

Chlorophyll b = (22.9 x A 645 — 4.68 X Aes3) x V/1000 x 1/ Fresh weight

Total chlorophyll (a+b) = (8.02 x Aee3z +20.2 X A 645) x V/1000 x 1/ Fresh weight

3.1.5.1.6 Chlorophyll stability index

A known quantity of leaf sample i.e. 1g were taken and put in two glass tubes
having 10 ml distilled water. One tube kept in water bath at 56°C + 1°C for 30 minutes
to imply heat stress. The other tube kept as control. Following the 30-minute period,
the samples were ground with 20ml of 80% acetone, and the resulting slurry was filtered
using Whatman No.1 filter paper. The absorbance of the extract was then measured in
a spectrophotometer at 645 and 663 nm, using an 80% acetone mixture as the blank.
The difference in readings between the samples heated and those not heated provided
the chlorophyll stability index.

This is calculated using the formula:

CSI = Total chlorophyll content of (treatment — control)

Total chlorophyll content of control X 100
3.1.5.1.7 Photosynthetic rate

Photosynthetic rate was measured during day time between 9.00- 10.30 am from
the 3 leaves using portable photosynthetic system (CIRAS-3 SW, PP System

International, MA, USA) and were expressed in pmole CO, m? s,
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3.1.5.2 Molecular analysis
3.1.5.2.1 Isolation of DNA

The procedure described by Murray and Thompson (1980), was followed. The
plant tissue was finely powdered by grinding 100 mg of it with liquid nitrogen in a
mortar and pestle. Next, the ground samples were mixed with 750 ul of extraction
buffer (CTAB + B mercapto-ethanol) and transferred to a 2 ml centrifuge tube. Then,
the tube contents were thoroughly homogenized by inverting the tube and incubated in
a water-bath at 65 °C for 30 minutes. Following the incubation, 750 pul of chloroform:
isoamyl alcohol (24:1) solution was added to the centrifuge tube. The contents were
gently mixed by inversion and then centrifuged at 13000 rpm for 10 minutes. The top
phase obtained after centrifugation was carefully transferred to a new 2 ml centrifuge
tube. The chloroform: isoamyl alcohol step was repeated, and the top phase was again
moved to a fresh tube. After adding 450 pl of ice-cold isopropanol and mixing by
inversion, the sample was centrifuged at 13000 rpm for 5 minutes. The supernatant was
then discarded, and the DNA pellet obtained was washed with 500 pul of 70% ice-cold
ethanol. Subsequently, the washed DNA pellet was centrifuged at 13000 rpm for 5
minutes, and the ethanol was carefully removed. The DNA pellet was air-dried at room
temperature or in a speed vacuum. Once dried, the pellet was resuspended in 30 pl

sterile water and stored at — 20 °C.

3.1.5.2.2 Confirmation of DNA quality

For electrophoresis, 0.8% agarose gel (melting 0.8g of agarose in 100mL of 1X
TAE buffer) was made by adding ethidium bromide 10uL(1pg/mL). The following
samples were loaded into separate wells.
1.0 puL 1kb ladder, SuL sample+1puL 6X Loading Buffer

Electrophoresis was done for 30 min giving 70V. The obtained gel is further
exposed to UV light and photographed in the gel documentation system. Highly
resolved, high molecular weight band indicates good quality of DNA isolated.
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3.1.5.2.3 Screening of Primers by Polymerase Chain Reaction

All samples were subjected to different PCR reaction with different primers.
Depending upon the primer sequence annealing temperature for each reaction varied.
Template concentration was changed according to the quantity of isolated DNA in each
sample. The products were confirmed by visualizing the bands after Agarose Gel
Electrophoresis.

The PCR reaction mix included the following: Template DNA, PCR buffer, dNTPs,
forward and reverse primers and Taq polymerase. The components of PCR mix are

listed in Table 1:

Table 1: Components of PCR reaction

PCR components Stock Conc. Units Per Reaction (uL)
Water 13
PCR buffer with salt 10 X 2
dNTPs 2.5 mM 1
Primer- F 10 uM 1
Primer- R 10 uM 1
Taq DNA 1 U/uL 1
polymerase
DNA template 25 ng/ uL 1
Total volume 20

PCR profile started initial denaturation at 94°C for 3 min, this followed by 40 cycles
of denaturation at 94°C for 1 min, annealing for 1 min and extension at 72°C for 2 min.
A final extension of 72°C for (7-10) min was also included. The annealing temperatures

varied with primers. The various primers and their annealing temperature are listed out

in Table.2.
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Table 2: SSR Markers and details of annealing temperature

Markers Annealing temperature
SSR 134 55°C
SSR 603 55.9°C

Markers specific for the heat stress tolerance genes were very few. Marker data of all

accessions are available at https://solgenomics.net and are presented in Table 3.

Table 3: List of SSR primers used in the selection

SL.No | Primer | Sequence Map Expected PCR
Position | product size
1 SSR 134 | FP: CCCTCTTGCCTAAACATCCA Chr 1 171+172 bp
RP: CGTTGCGAATTCAGATTAGTTG
2 SSR 603 | FP:GAAGGGACAATTCACAGAGTTTG | Chr 4 2514251 bp

RP: CCTTCAACTTCACCACCACC

3.2. EXPERIMENT II: SCREENING FOR HIGH TEMPERATURE TOLERANCE
USING THE CRITICAL TEMPERATURE FOR POLLEN GERMINATION.

3.2.1. Location

The experiment was conducted in the Department of Plant Physiology, College
of Agriculture, Vellayani. The geographical co-ordinates of the location of Vellayani are

8% 5°N Latitude and 76° 9’E Longitude with an altitude of 29 M above Mean Sea Level.
3.2.2 Experimental Material

Ten popular varieties of tomato i.e. Anagha, Manuprabha, Vellayani Vijay,
Akshaya, Pusa Rohini, Arka Saurabh, Arka Rakshak, Nandi, ITHR 26372 and Arka

Vijay were selected for pollen germination study (Plate 2).
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3.2.3 Experimental Details

To standardize the critical temperature, mature pollen grains were incubated at
different temperatures for 2 hrs in a pollen germination media proposed by Ravikumar
et al. (2010). Critical temperature is assessed as the temperature at which only 20-30%

of the pollens germinate.

Table 4: Temperatures used to standardize the critical temperature

SI. No. Treatments | Temperature Duration
1 Ty 32°C 2hrs
2 T, 34°C 2hrs
3 T3 36°C 2hrs
4 T4 38°C 2hrs
5 Ts 40°C 2hrs

3.2.4 Parameters Observed
3.2.4.1 Pollen Germination Percentage

In the morning hours i.e. from 8.00 to 10.00 am, mature pollen grains were
collected from the selected genotypes (Plate 3). Collected pollens were incubated in the
BOD incubator (Rotary shaker cum BOD, Rotek, ROSI-1) maintained by the
Department of Plant physiology, at different temperatures for two hours in a petri plate
in the standardized pollen germination medium. After incubation the pollen

germination was assessed using compound microscope (Leica DC 7.5 V (10X)).
3.2.4.2 Critical sterility temperature
Critical temperature is assessed as the temperature at which only 20-30% of the

pollens germinate.
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3.3. EXPERIMENT III: EVALUATING THE SELECTIVELY FERTILIZED
HYBRIDS OF THE TOLERANT AND SUSCEPTIBLE GENOTYPES.

3.3.1 Location

The pot culture experiment was carried out in Rainout shelter located in College
of Agriculture, Vellayani, situated at 18° 30’ N latitude and 76° 9’ E longitudes at an

altitude of 29 m above mean sea level

3.3.2 Planting Material

From the experiment II, based on the critical sterility temperature six genotypes
were selected for pollen selection and selective fertilization. i.e. the three tolerant
varieties Anagha, Vellayani Vijay and IIHR 26372 and three susceptible varieties Pusa
Rohini, Manuprabha and Arka Saurabh.

The following 36 crosses between tolerant and susceptible tomato varieties were made
using selected pollens exposed to critical temperature to confirm the thermotolerance

of selectively fertilized hybrids.

Table 5: Particulars of Experiment I11

Crop Tomato

Varieties T1 (Tolerant 1)
T2 (Tolerant 2)
T3 (Tolerant 3)
S1 (Susceptible 1)
S2 (Susceptible 2)
S3 (Susceptible 3)

Rainout shelter- ROS
The temperature range was Max- 40-42 °C

Conditions Min- 28 °C
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Combination of varietal T X S1

T1 X S2
T1XS3

T2 X S1

T2 X S2

T2 X S3

T3 X S1

T3 X S2

T3 X S3

T1 X S1 (SF)
T1 X S2 (SF)
T1 X S3 (SF)
T2 X S1 (SF)
T2 X S2 (SF)
T2 X S3 (SF)
T3 X S1 (SF)
T3 X S2 (SF)
T3 X S3 (SF)

S1 XTI
S2 XTI
S3 XTI
S1 X T2
S2 X T2
S3 X T2
S1X T3
S2 X T3
S3 X T3
S1 X T1 (SF)
S2 X T1 (SF)
S3 X T1 (SF)
S1 X T2 (SF)
S2 X T2 (SF)
S3 X T2 (SF)
S1 X T3 (SF)
S2 X T3 (SF)
S3 X T3 (SF)

Cross

The hybridization was done in the Department of Plant Physiology, College of

Agriculture, Vellayani.
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Pusa rohini I IHR 26372 Arka Vikas | Arka Sourabh Arka Rakshak

Plate 2. The varieties used for pollen selection



Plate 3. Plants grown for pollen selection to identify the critical
sterility temperature for pollen germination

Plate 4. The tolerant and susceptible varieties selected for selective
fertilization



3.3.3 Hybridization Technique

Reciprocal cross between the tolerant and susceptible genotypes was done by
selective fertilization as well as normal cross for comparison. In selective fertilization
(SF), the pollen from the male parent was collected and exposed to the specific critical
temperature for two hours and the emasculated flowers of female parent was pollinated
and tagged. In the first 18 crosses, the tolerant genotype was selected as the male parent
and the normal and selectively fertilized crosses were done. In the next 18 crosses, the
susceptible genotype was selected as male parent and crosses were done along with

selective fertilization.

3.3.4 Layout of the Experiment and Design

The experiment was laid out in CRD with thirty-six treatments and three

replications. The crossed plants were kept in Rainout shelter.

3.3.5 Preparation and Planting

The seeds of selected tolerant and susceptible genotypes were sown and
maintained at ambient condition (Plate 4). At flowering stage, the pollen from the male
parent was collected and exposed to the critical temperature and after two hours of
incubation, the pollens were used to pollinate the emasculated flowers (Plate 5) of
female parent and tagged (Plate 6). Another set of cross was also made with same
parental combination without pollen selection. The reciprocal (susceptible genotype as
male parent) crosses were also done. Then the seeds from the selectively fertilized and
normal fruits were collected at maturity stage. The seeds were sown and the seedlings
were raised at ambient temperature upto 30 days. They were transplanted to pots at 30
days after sowing and kept in high temperature condition i.e. ROS (40- 42 °C) for

evaluation (Plate 7,8)

The potting mixture made up of FYM, sand and soil in 1:1:1 ratio was used for
filling the pots for the experiment. The crop was raised according to the package of
practices recommendations by Kerala Agricultural University (KAU, 2016). The potted
plants were kept in Rainout shelter for a period of 120 days.
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3.3.6 Observations

3.3.6.1 Biometrical Parameters

3.3.6.1.1 Number of flower clusters per plant
The number of clusters present in the plant at 30 days after transplanting was

recorded.

3.3.6.1.2 Number of flowers per cluster
The number of flowers present in each cluster was counted and recorded at 30

days after transplanting.

3.3.6.1.3 Fruits per cluster
The number of fruits present in each cluster was recorded at 60 days after

transplanting the seedling.

3.3.6.1.4 Number of flower with exerted stigma per cluster
The flowers having exerted stigma from the anther cone in each cluster was

counted and recorded at 30 days after transplanting.

3.3.6.1.5 Day to first flowering
The day of blooming of the first flower from the day of sowing.

3.3.6.1.6 Stigma exertion (mm)

The length of stigma exerted from anther cone of the tomato flower was

measured using a scale. It was expressed in mm.

3.3.6.1.7 Total yield per plant (g)
The total yield was calculated at 120 days after sowing by taking the weight of
all the fruits collected, per plant.
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Plate 6. Tagged plants for selective fertilization



Plate 7. Seedlings planted for evaluation under ROS condition

Plate 8. Evaluating the performance of selectively fertilized and normal crossed
hybrids in rainout shelter



3.3.6.2 Physiological Parameters
3.3.6.2.1 Photosynthetic rate

Photosynthetic rate was measured using portable photosynthetic system
(CIRAS-3 SW, PP System International, MA, USA) during day time between 9.00-

10.30 am from the 3™ leaves and were expressed in pmole CO, m? s™!.

3.3.6.2.2 Estimation of relative water content

The relative water content of the plant sample was taken by taking the fresh
weight, turgid weight and dry weight of the sample. 1g of the plant leaf sample was
taken and cut into small pieces and taken the fresh weight. Then it was kept immersed
in water for 3 hrs to obtain the turgid weight by blotting the leaf. After the estimate of
turgid weight, the leaf samples were kept in hot air oven for 3 days at 80 °C to obtain
the dry weight. The relative water content was obtained by substituting the three values

in the given formula

_ (Fresh weight — Dry weight)

RWC x100

~ (Turgid weight — Dry weight)

3.3.6.2.3 Membrane integrity

The % leakage in the plant was estimated by the method explained by
Sadasivam and Manickam (2008).

About 10 number of leaf discs of the plant sample were immersed in 10 ml of
water taken in a 50 ml beaker. The initial EC was measured to sense the small degree
of leakage by the discs due to the punching treatment by the conductivity electrode
(EC.). After 30 minutes of incubation, the solute leakage in the bathing medium (ECy)
was measured. Subsequently, the beakers were boiled at 100° C for 10 minutes, and the
EC was measured again (EC.). The membrane's integrity was then calculated using the
provided formula, and the percentage leakage was determined as a measure of the plant

leaf sample's membrane integrity.

ECb—ECax 100

% leakage =
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3.3.6.2.4 Estimation of Vitamin C content
The ascorbic acid content in the plant was estimated volumetrically by the

method explained by Sadasivam and Manickam (2008).

The end point was considered as the appearance of pink colour by titrating
mixture of Sml of working standard solution and 10 ml of 4% oxalic acid against dye
(V1ml). The amount of dye used to reach the end point is equivalent to the quantity of
ascorbic acid present. A sample (0.5 to 5 g) was obtained and then extracted using 4%
oxalic acid. The resulting extract was brought up to a volume of 100 ml and then
subjected to centrifugation. Sml of supernatant was then removed and combined with
10 ml of 4% oxalic acid. This solution was titrated against dye (V2ml) until the pink
color became visible. The dye used for titration was a solution of Dichlorophenol 2

indophenol (DCPIP).

Amount of ascorbic acid (mg per100g sample) =0.5mg x V2 x 100ml x 100

\"A! 15ml Wt of the sample
3.3.6.2.5 Estimation of Superoxide dismutase (SOD)

To estimate the SOD activity in plants the method described by Kakkar et al.
(1984) was used. 0.5 g of sample was pulverized and homogenized with 3 ml of
potassium phosphate buffer and centrifuged for about 10 minutes at 4500 rpm. Prepared
a 3ml reaction mixture containing 50 mM potassium phosphate buffer, 13 mM
methionine, 0.1 mM EDTA, 2 uM riboflavin, 75 uM NBT and 50 pl of crude enzyme
extract and the total volume was made up with distilled water. The tubes were exposed
to 400 W bulb for about 10 minutes, the absorbance was taken in spectrophotometer at

560 nm after 10 minutes.

3.3.6.2.6 Pollen viability

Acetocarmine dye method proposed by Shivanna and Rangaswamy
(2012) was done to determine the pollen viability of tomato flowers and is expressed in
percentage.

48



3.3.6.3 Anatomical study of anther

SEM analysis was done to study the anatomy of anther. A small substrate of 30
mm dimension was mounted on specimen stubs using carbon tape and was over coated
with gold using JFC 1600. This ion sputtering device performs rapid and efficient
gold coating on microscopic specimen, allowing surface visualization. The SEM
measurements were performed at 20 kV accelerating voltage. Different magnifications

were used as indicated on the images.

(Make/Model: JEOL, JISM—6390LV, Tokyo, Japan).
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RESULTS



4.RESULTS

The present study “Physiological and molecular basis of selective fertilization
for high temperature stress tolerance in tomato (Solanum lycopersicum L.)” was done
in three experiments in the Department of Plant Physiology, College of Agriculture,
Vellayani. The objective of the study was to identify the critical temperature for pollen
germination and to evaluate the selectively fertilized tomato hybrids for high
temperature tolerance. The data obtained during the progression of study were

statistically analyzed and the results are presented in this chapter.

4.1 ADVANCING THE TEMPERATURE TOLERANT SELECTIVELY
FERTILIZED HYBRID OF ANAGHA AND MANUPRABHA.

First generation (F1) hybrid seeds of selectively fertilized Anagha x Manuprabha
were acquired from crosses conducted previously in the lab (Ammu, 2019). Parental
genotypes were selected based on their performance under high temperature (42°C)
(Ammu, 2019). Subsequent selfing upto F4 generation were continued by selective

fertilization under ambient condition (34°C).
4.1.1 F2 generation

Individual plants were selected in each of the F» populations. Selections were
made based on pollen germination %, relative water content, membrane integrity,
stomatal conductance, chlorophyll stability index, chlorophyll content and
photosynthetic rate. Molecular analysis using SSR markers were also done for
selection. 14 F» lines were planted (labelled T1 to T14), their data were recorded as
depicted in table 6 and table 7, superior plants were selected from F> population based
on their performance, harvested individually, seeds were extracted and carried
forwarded to the F3 generation. The selectively fertilized plant and fruit of F2 is depicted
in plate 9.

The pollen germination %, photosynthetic rate, chlorophyll content and chlorophyll
stability index were non-significant among the lines. The stomatal conductance was
significant among the population and which was recorded highest in TS5 line. The

relative water content also showed significant difference among the lines and the
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highest was observed in T10 which was at par with T11. Percent leakage is an important
indicator of good performance, which was noted very less in T10 which was at par with

T3.

SSR 134 and 603 were used for genotyping in each population (Plate 10). Based
on the phenotyping and genotyping data, though the difference was not so prominent
among the F» generation, T3 and T10 line showed comparatively better performance
than the other lines. Hence both T10 and T3 lines were selected for developing F3

generation.
4.1.2 F3 generation

Superior plants were selected based on phenotypic and genotypic data from F»
population and seeds were extracted. The F3 seeds collected from F> lines T10 and T3
were sown and data were recorded for the parameters as discussed above in F» (Table:
8 & 9). 14 lines were again evaluated in the F3 generation. Data were recorded from the
14 F; lines and better performed lines were selected for the F4 generation. The

selectively fertilized plant and fruit of F> is depicted in plate 11.

In case of F3 generation, the lines did not differ significantly for germination
percentage. The remaining parameters like photosynthetic rate, stomatal conductance,
relative water content, % leakage, chlorophyll content and chlorophyll stability index
were significantly different among the lines. Among the lines the photosynthetic rate
was recorded high in T6 which was at par with T8. In addition to photosynthetic rate,
relative water content and chlorophyll content were observed highest and % leakage
was recorded lowest in T8 compared to other lines. In case of RWC, T8 was at par with
T7. The stomatal conductance was significant among the population and was highest in
TS5 line. Chlorophyll stability index also showed significant difference among the lines,

the highest was observed in T3.

SSR 134 and 603 were used for genotyping each population line in F3 generation
also (Plate 12). Based on the phenotyping and genotyping data, from the F3 generation,

T6 and T8 were selected for developing F4 generation.
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F2 plant

F2 Fruit

Plate 9. The selectively fertilized plant and fruit of F2 generation



Table 6: Pollen germination %, Photosynthetic rate, stomatal conductance &

Relative water content of F2 lines

F> lines Pollen Photosynthetic rate | Stomatal conductance | RWC (%)
germination( %) | (umole COm™s™) (mmole m? s )

T1 94.16 18.40 394.00 81.13
T2 92.74 17.10 333.50 89.19
T3 93.20 18.85 455.25 94.21
T4 92.61 18.20 489.00 92.85
T5 89.96 10.05 602.50 91.54
T6 93.04 11.85 464.50 91.15
T7 88.38 16.20 388.00 94.80
T8 91.51 17.50 454.50 91.40
T9 95.97 16.95 425.00 92.42
T10 91.79 19.65 458.00 95.31
T11 93.22 13.20 467.50 95.10
T12 93.43 13.05 477.50 87.33
T13 91.45 15.15 482.50 94.82
T14 91.70 13.65 409.00 90.28

SE m=+ 2.46 3.11 4.60 1.11
CD NS NS 13.95 3.37

(0.05)
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Table 7: Chlorophyll content, CSI & % leakage of F: lines

F> lines Total chlorophyll CSI (%) % Leakage
content
(mg/g FW)

Tl 1.47 66.44 2.80
T2 1.99 49.37 4.00
13 1.99 67.37 1.60
T4 2.05 60.04 2.28
T5 1.84 55.08 2.34
T6 1.70 71.40 5.86
T7 1.72 51.66 2.25
T8 1.89 60.77 6.51
T9 1.74 54.90 5.22
T10 1.92 65.64 1.21
Til 1.54 66.16 3.45
T12 1.55 50.97 2.31
T13 1.95 63.26 5.02
T14 2.23 68.96 2.39
SE m+ 0.37 7.22 0.28
CD (0.05) NS NS 0.85
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T1 T2 T3 TATS5 T6 T7 T8~"T§'T1~0T11 T12T13T14

SSR 134

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10T11T12T13T14

SSR 603

Plate 10. Gel image of SSR markers in selectively fertilized F2 tomato plants



Table 8: Pollen germination %, Photosynthetic rate, stomatal conductance &

Relative water content of F3 lines

F3 lines Pollen Photosynthetic rate | Stomatal conductance | RWC (%)
germination( %) | (umole CO;m?s™) (mmole m?s )

T1 93.83 15.50 331.0 84.15
T2 96.88 19.20 290.0 87.68
T3 97.72 18.15 405.0 90.17
T4 97.27 13.70 442.0 90.15
T5 94.04 21.15 572.5 81.02
T6 94.18 2215 454.5 92.56
T7 96.59 19.80 366.0 95.65
T8 97.45 21.60 460.0 97.24
T9 96.66 14.10 4295 90.83
T10 98.85 18.80 404.0 82.22
T11 97.62 19.55 407.5 90.17
T12 98.02 16.30 415.5 92.88
T13 96.20 12.35 437.5 73.80
T14 99.15 10.15 409.0 88.84

SE m+ 1.87 2.31 16.18 3.32
CD NS 7.00 49.08 9.98

(0.05)
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Table 9: Chlorophyll content, CSI & % leakage of F3 lines

F3 lines Total chlorophyll CSI (%) % Leakage
content
(mg/g FW)

T1 1.26 82.207 1.70
T2 1.30 71.736 4.25
T3 1.19 84.390 2.66
T4 1.23 67.889 5.27
T5 1.02 73.700 1.78
T6 1.07 78.076 2.60
T7 1.14 65.410 2.33
T8 1.35 78.608 1.20
T9 1.11 70.631 2.50
T10 1.20 74.907 6.28
T11 1.24 73.597 2.77
T12 1.16 71.501 2.33
T13 0.78 72.962 2.93
T14 0.90 69.265 3.11
SE m+ 0.01 1.42 0.19
CD (0.05) 0.05 4.33 0.6
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F3 Fruit

Plate 11. The selectively fertilized plant and fruit of F3 generation



T5 T6 T7 T8 T9 T10 T11T12T13T14

- .' [1 T2 73 T4

SSR 134

T1 T2 T3 TA4TS5 T6 T7 T8 T9T10T11T12T13 T14

—————

SSR 603

Plate 12. Gel image of SSR markers in selectively fertilized F3 tomato plants



4.1.3 F4 generation

The F4 generation was also developed similar to F» and F3. The parameters taken
in the previous generations were also recorded in F4 as depicted in table 10 & 11 and
the seeds from the best lines were collected and secured for further experiments. The

selectively fertilized plant and fruit of F» is depicted in plate 13.

In F4 generation, the pollen germination percentage, RWC and %
leakage were not significantly different among the lines. The remaining parameters
were significantly different among and showed differences among the lines. The
photosynthetic rate was recorded high in T4 which was at par with T1 and the stomatal
conductance was highest in T6. The chlorophyll content and chlorophyll stability index
differ significantly in the lines and the highest chlorophyll content was observed in T6
which was at par with T4. In case of chlorophyll stability index, it was recorded high
in T3 which was at par with T6. SSR 134 and 603 were used for genotyping each
population line in F3 generation also (Plate 14). Based on the phenotyping and

genotyping data, in the F4 generation, T4 and T6 were the best lines.

The mean performance of Fs generation was higher than the F3 and F»
generation. The F2, F3 and F4 lines showed no significant difference in germination
percentage. However, there was an increase in germination percentage from the F2’s to
the F4’s. The fruit setting % was also in the order of F4, F3 and F2, when plants were
selectively fertilized. It was observed that the plants are getting better by selfing through

SF in each generation.

4.2 SCREENING FOR HIGH TEMPERATURE TOLERANCE USING THE
CRITICAL TEMPERATURE FOR POLLEN GERMINATION.

The pollen germination and critical sterility temperature among ten tomato
genotypes was quantified and recorded in order to identify differences in the tolerance
of pollen to temperature variations. The effect of temperature on in vitro pollen
germination was investigated in Anagha, Manuprabha, Akshaya, Vellayani Vijay,
Nandi, Arka Saurabh, Pusa Rohini, IIHR 26372, Arka Vijay and Arka Rakshak by

exposing to temperature ranging from 32 — 40°C.
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Table 10: Pollen germination %, Photosynthetic rate, stomatal conductance &

Relative water content of F4 lines.

F4 lines Pollen Photosynthetic rate | Stomatal conductance | RWC (%)
germination( %) | (umole COm™s™) (mmole m?s )

T1 98.46 16.75 478.5 90.78
T2 95.51 15.78 387.0 92.48
T3 98.02 13.55 510.5 96.17
T4 96.17 17.05 535.5 94.99
T5 96.22 13.15 605.0 89.37
T6 93.83 11.78 470.5 93.97
T7 96.66 14.83 409.0 91.06
T8 93.38 13.08 465.0 93.19
T9 95.96 14.00 430.0 93.80
T10 94.27 13.90 518.0 86.18
T11 95.66 12.35 540.5 95.05
T12 97.76 11.90 543.5 93.87
T13 97.51 10.73 531.0 94.00
T14 94.98 10.10 450.5 94.85

SE m+ 1.69 0.05 9.11 293

CD (0.05) NS 1.60 27.64 NS
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F4 Plant

F4 Fruit

Plate 13. The selectively fertilized plant and fruit of F4 generation



T1 T2 T3 T4 T5 Te T7 T8 T9 T10 T11 T12 T13

SSR 134

SSR 603

Plate 14. Gel image of SSR markers in selectively fertilized F4 tomato plants



Table 11: Chlorophyll content, CSI & % leakage of F4 lines

F4 lines Total chlorophyll CSI (%) % Leakage
content
(mg/g FW)

T1 1.34 76.31 2.88
T2 1.32 77.17 5.18
T3 1.41 85.42 2.65
T4 1.63 78.66 2.83
T5 1.49 78.42 5.36
T6 1.69 84.17 3.15
T7 1.42 83.19 2.88
T8 1.52 79.92 5.11
T9 1.53 82.45 2.65
T10 1.53 80.95 4.43
T11 1.52 83.48 3.81
T12 1.48 79.02 3.88
T13 1.41 78.70 3.52
T14 1.47 79.91 3.00
SE m+ 0.021 0.87 0.96
CD (0.05) 0.06 2.66 NS
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4.2.1 Pollen Germination

The effect of five constant temperature regimes from 32 to 40 °C at 2 °C intervals
on the in vitro pollen germination of ten tomato genotypes after 2hrs incubation was
evaluated and expressed as the percentage of germinated pollen grains (Table 12). The
fig 1 shows the graphical representation of the pollen germination of the genotypes.
The pollen germination percentage decreased significantly with increase in
temperature. Maximum germination percentage ranged from 24.57 % (Manuprabha) to
46.63% (Anagha), with a mean of 33.01 % were observed at 32°C. After 36°C, the mean
pollen germination percentage decreased below 20 %. The pollen germination observed
for the tomato genotypes at a temperature of 40 °C was very low; and the germination
rates were below 1% in three genotypes (Arka Saurabh, Arka Vikas and Pusa Rohini).
Differences among pollen germination means were found statistically significant and
the highest germination percentages were observed in Anagha (25.24 %) followed by
Vellayani Vijay (23.66 %) and IIHR 26372 (20.92 %) (Plate 15). The lowest pollen
germination was observed in Pusa Rohini (15.13%) which was at par with Manuprabha

(15.37 %) and Arka Saurabh (16.04 %) (Plate 16).
4.2.2 Critical sterility temperature

Critical temperature was assessed as the temperature where 20-30% of the
pollen only germinates. Critical temperatures for pollen germination differed among
genotypes. There was considerable variability in the critical temperatures for pollen
germination among the genotypes. The genotypes Arka Saurabh, Arka Vikas, Pusa
Rohini, Manuprabha and Akshay showed less than 20 % germination after 34° C while
Vellayani Vijay, Anagha, Arka Rakshak, [IHR 26372 and Nandi has showed pollen
germination percentage less than 20 only after 36°C. The mean pollen germination %
at each temperature were taken and was observed that germination percentage was
21.04 at 36°C and decreased drastically to 9.29 % at 38°C (Fig 2). So 36°C was
identified as the critical temperature for pollen selection. At the selected critical sterility
temperature i.e. 36°C, the pollen germination was highest in Anagha (25.88 %) and
lowest in Arka Saurabh (16.34%), which was selected as tolerant and susceptible

genotype respectively.
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Anagha

IIHR 26372

Plate 15. Pollen germination of tolerant tomato genotypes



Manuprabha Pusa Rohini

Arka Saurabh

Plate 16. Pollen germination of susceptible tomato genotypes



Table 12: Pollen germination (%) of ten tomato varieties after 2 hrs incubation at different temperatures:

Varieties Mean
Treatment
Vellayani Manu Pusa Arka Arka Arka | IIHR .
Akshaya Viiay | prapha | Rohini | “™*&%® | Rakshak | Saurabh | Vikas | 26372 | NN
0
T1(32°C) 33.60 4233 2457 | 3113 | 4663 | 32.64 26.15 | 25.10 | 34.96 | 32.99 | 33.01
(1]
T2 (34°C) 29.89 33.9 2100 | 2211 | 3496 | 26.13 2626 | 3201 | 2979 | 22.11 | 2870
0
T3 (36°C) 19.97 25.63 1794 | 19.03 | 2588 | 2127 1634 | 1969 | 22.74 | 21.89 | 21.04
0
T4 (38°C) 14.24 12.18 1033 | 0.147 | 12.66 10.63 11.29 89 |12453| 0117 | 930
0
TS (40°C) 5.74 426 299 | 0121 | 611 9.836 0.172 | 002 | 4663 | 400 | 447
Mean 20.68 23.66 1537 | 1513 | 25.4 20.10 16.04 17.01 | 2092 | 16.24
Temperature Variety
TXV
(T) V)
SE m#+ 1.703 3.80
1.205
CD (0.05) 3.38 4.781 5.72
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4.3. EXPERIMENT III: EVALUATING THE SELECTIVELY FERTILIZED
HYBRIDS OF THE TOLERANT AND SUSCEPTIBLE GENOTYPES.

From the experiment II based on the critical sterility temperature and pollen
germination percentage along with the tolerant genotype Anagha and susceptible
genotype Manuprabha from the previous study, six genotypes were selected for pollen
selection and selective fertilization. Number of clusters, Number of flowers per cluster,
fruits per cluster, Number of flower with exerted stigma per cluster, Day to first
flowering, Stigma exertion length (mm), Total yield per plant (g) were recorded in the
normal and reciprocal crosses of tolerant and susceptible genotypes along with the
selectively fertilized crosses of the same in the course of the experiment, the results

exhibited significant variation in selectively fertilized crosses and normal crosses.

4.3.1. Biometrical Parameters

Number of clusters, number of flowers per cluster, number of fruits per
cluster, number of flower with exerted stigma per cluster, days to first flowering, stigma
exertion length and total yield per plant were recorded in the course of the experiment,
the results exhibited significant variation in selectively fertilized crosses and normal

CTOSSES.

4.3.1.1. Number of clusters per plant

Effect of selective fertilization and high temperature condition on number of
clusters per plant is depicted in Table 13. The difference among the varieties on number

of clusters per plant was highly significant.

During first month after transplanting, among the varietal crosses the highest
number of clusters were recorded from IIHR x MP(SF) (9.67), whereas IIHR x PR (SF)
(2.67) gave the lowest number of clusters per plant. It shows that during first
month after transplanting both highest and lowest number of clusters was observed
among the selectively fertilized hybrids of the tolerant x susceptible (tolerant genotype
as male parent) varieties than its normal crosses and reciprocal crosses (susceptible

genotype as male parent) of the respected ones.
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Figure 3. No of clusters in selectively fertilized and normal tomato plants (1-36 depicts
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Table 13: Number of clusters in the selectively fertilized and normal crossed
tomato plants

Varietal Number of clusters/ plant
TREATMENTS
Crosses
30 DAT 60 DAT
Tl T1 x SI (AN x MP) 5.67 11.00
T2 T1 X S2 (AN x PR) 7.00 13.33
T3 T1 X S3 (AN x AS) 7.33 14.33
T4 T2 X S1 (VV x MP) 7.67 13.67
TS T2 X S2 (VV x PR) 5.33 12.00
T6 T2 X S3 (VV x AS) 6.67 12.67
T7 T3 X S1 (ITHR x MP) 8.33 1233
T8 T3 X S2 (IIHR x PR) 5.67 11.67
T9 T3 X S3 (IIHR x AS) 4.67 13.33
T10 T1 X S1 (SF) (AN x MP (SF)) 7.00 16.00
T11 T1 X S2 (SF) (AN x PR (S)) 7.33 13.00
T12 T1 X S3 (SF) (AN x AS (SF)) 8.33 15.00
T13 T2 X S1 (SF) (VV x MP(SF)) 6.67 13.67
T14 T2 X S2 (SF) (VV x PR (SF)) 3.67 9.67
T15 T2 X S3 (SF) (VV x AS (SF)) 7.67 15.33
T16 T3 X S1 (SF) (ITHR x MP (SF)) 9.67 15.67
T17 T3 X S2 (SF) (IIHR x PR (Sf) 2.67 8.67
TI8 T3 X S3 (SF) ITHR x AS (SF)) >.00 11.33
T19 S1 X T1 (MP x AN) 9.33 13.67
T20 S2 X T1 (PR x AN) 6.00 12.33
T21 S3 X T1 (AS x AN) 4.33 7.00
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T22 SI X T2 (MPx VV) 6.33 16.67
T23 S2 X T2 (PR x VV) 8.33 18.00
T24 S3 X T2 (ASx VV) 4.67 14.33
T25 S1 X T3 (MP x ITHR) 6.33 17.33
T26 S2 X T3 (PR x IIHR) 3.67 14.67
T27 S3 X T3 (AS x ITHR) 7.67 18.00
T28 S1 X T1 (SF) (MP x AN (SF)) 7.67 12.67
T29 S2 X T1 (SF) (PR x AN (SF)) 7.33 17.00
T30 S3 X T1 (SF) (AS x AN(SF)) 5.33 12.00
T31 S1 X T2 (SF) (MP x VV(SF)) 6.00 16.67
T32 S2 X T2 (SF) (PR x VV (SF)) 8.67 12.33
T33 S3 X T2 (SF) (AS x VV(SF)) 3.33 10.67
T34 S1 X T3 (SF) (MP x IIHR(SF)) 7.33 15.67
T35 S2 X T3 (SF) (PR x ITHR(SF)) 5.67 14.33
T36 S3 X T3 (SF) (AS x ITHR(SF)) 8.33 12.33

SE m= 0.45 1.75

CD (0.05) 1.28 4.94
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In the second month after transplanting significantly higher number of clusters
were recorded from PR x VV (18) which was at par with AS x I[IHR (18). While the
lowest number of clusters were recorded from AS x AN (7). During second month, the
normal crosses of susceptible and tolerant (susceptible genotype as male parent) shows
the highest and lowest number of clusters than other crosses (Fig 3). Overall it was
observed that the reciprocal crosses (susceptible genotype as male parent) of the
tolerant and susceptible varieties: i.e., both normal and selectively fertilized crosses of
S x T showed significantly higher number of clusters per plant than the tolerant x

susceptible crosses (tolerant genotype as male parent).
4.3.1.2. Number of flowers per cluster

Effect of selective fertilization and high temperature condition on

number of flowers per cluster is depicted in Table 14.

During first month after transplanting, no significant difference was observed
among the crosses. While in the second month after transplanting, significantly higher
no of flowers per cluster was observed in PR x VV (10.33) followed by IIHR x MP (9)
and lowest number was observed in MP x IIHR (4.67). The highest and lowest mean
value was noted in typical normally crossed reciprocal crosses (susceptible genotype
as male parent) of tolerant and susceptible varieties than the selectively fertilized

crosses (Fig 4).
4.3.1.3. Number of fruits per cluster

Effect of selective fertilization and high temperature condition on number of

fruits per cluster is depicted in Table 15.

The number of fruits per cluster was noted in second month after transplanting.
Majority of the selectively fertilized crosses recorded higher number of fruits/cluster
under high temperature regime than the normal crossed ones. In genotypes, two crosses
AN x MP (SF) (4.67) and in ITHR x MP (SF) (4.67) recorded significantly increased
number of fruits under high temperature condition than that of normal crosses. The

cross VV x PR (SF) (1.00) appeared to be most sensitive as it recorded the least.
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Table 14: Number of flower clusters per plant in the selectively fertilized and
normal tomato plants.

. Number of flowers/ cluster
Varietal
TREATMENTS
crosses 30 DAT 60 DAT

T1 3.00 5.67
T1x S1 (AN x MP)

T2 1.33 6.00
T1 X S2 (AN x PR)

T3 1.33 5.33
T1 X S3 (AN x AS)

T4 2.00 6.67
T2 X S1 (VV x MP)

T5 2.67 5.00
T2 X S2 (VV x PR)

T6 2.33 6.00
T2 X S3 (VV x AS)

T7 4.33 9.00
T3 X S1 (IIHR x MP)

T8 2.33 5.33
T3 X S2 (IIHR x PR)

T9 3.00 5.33
T3 X S3 (ITHR x AS)

T10 3.67 7.67
T1 X S1 (SF) (AN x MP (SF))

T11 4.00 6.67
T1 X S2 (SF) (AN x PR (Sf))

T12 4.00 7.33
T1 X S3 (SF) (AN x AS (SF))

T13 4.67 7.33
T2 X S1 (SF) (VV x MP(SF))

T14 2.67 6.67
T2 X S2 (SF) (VV x PR (SF))

T15 3.00 7.33
T2 X S3 (SF) (VV x AS (SF))

T16 3.33 6.67
T3 X S1 (SF) (ITHR x MP (SF))

T17 3.67 7.33
T3 X S2 (SF) (IIHR x PR (Sf))

T18 3.00 6.00
T3 X S3 (SF) ITHR x AS (SF))

T19 S1 X T1 (MP x AN) 3.00 5.33

T20 S2 X T1 (PR x AN) 2.33 7.33

T21 S3 X T1 (AS x AN) 2.67 5.33
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T22 S1 X T2 (MPx VV) 3.33 5.33
T23 S2 X T2 (PR x VV) 5.33 10.33
T24 S3 X T2 (AS x VV) 2.33 6.00
T25 S1 X T3 (MP x ITHR) 2.00 4.67
T26 S2 X T3 (PR x IIHR) 3.67 5.67
T27 S3 X T3 (AS x ITHR) 3.33 5.67
T28 S1 X T1 (SF) (MP x AN (SF)) 433 5.67
T29 S2 X T1 (SF) (PR x AN (SF)) 2.33 6.33
T30 S3 X T1 (SF) (AS x AN(SF)) 5.00 7.33
T31 S1 X T2 (SF) (MP x VV(SF)) 2.67 6.67
T32 S2 X T2 (SF) (PR x VV (SF)) 3.00 7.67
T33 S3 X T2 (SF) (AS x VV(SF)) 4.67 6.67
T34 S1 X T3 (SF) (MP x ITHR(SF)) 2.33 5.33
T35 S2 X T3 (SF) (PR x ITHR(SF)) 2.00 5.67
T36 S3 X T3 (SF) (AS x ITHR(SF)) 3.00 7.33
SE m+ 0.79 0.60

CD (0.05) NS 1.71
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Table 15: Number of fruits per clusters in the selectively fertilized and normal
tomato plants.

TREATMENTS Varietal crosses fruits /cluster

T1 3.67
T1x S1 (AN x MP)

T2 3.00
T1 X S2 (AN x PR)

T3 1.67
T1 X S3 (AN x AS)

T4 2.67
T2 X S1 (VV x MP)

T5 3.00
T2 X S2 (VV x PR)

T6 1.67
T2 X S3 (VV x AS)

T7 2.33
T3 X S1 (IIHR x MP)

T8 3.67
T3 X S2 (IIHR x PR)

T9 3.00
T3 X S3 (IIHR x AS)

T10 4.67
T1 X S1 (SF) (AN x MP (SF))

T11 2.00
T1 X S2 (SF) (AN x PR (Sf))

T12 3.67
T1 X S3 (SF) (AN x AS (SF))

T13 3.33
T2 X S1 (SF) (VV x MP(SF))

T14 1.00
T2 X S2 (SF) (VV x PR (SF))

T15 3.33
T2 X S3 (SF) (VV x AS (SF))

T16 4.67
T3 X S1 (SF) (IIHR x MP (SF))

T17 1.67
T3 X S2 (SF) (IIHR x PR (Sf))

T18 3.00
T3 X S3 (SF) IIHR x AS (SF))

T19 S1 X T1 (MP x AN) 3.33

T20 S2 X T1 (PR x AN) 3.67

T21 S3 X T1 (AS x AN) 2.67

T22 SIXT2 (MPx VV) 3.33
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T23 S2 X T2 (PR x VV) 2.33
T24 S3 X T2 (AS x VV) 1.67
T25 S1 X T3 (MP x ITHR) 2.33
T26 S2 X T3 (PR x IIHR) 2.67
T27 S3 X T3 (AS x ITHR) 2.00
T28 S1 X T1 (SF) (MP x AN (SF)) 3.33
T29 S2 X T1 (SF) (PR x AN (SF)) 3.33
T30 S3 X T1 (SF) (AS x AN(SF)) 3.33
T31 S1 X T2 (SF) (MP x VV(SF)) 433
T32 S2 X T2 (SF) (PR x VV (SF)) 2.67
T33 33 X T2 (SF) (AS x VV(SF)) 2.00
T34 S1 X T3 (SF) (MP x ITHR(SF)) 3.00
T35 S2 X T3 (SF) (PR x ITHR(SF)) 1.33
T36 S3 X T3 (SF) (AS x ITHR(SF)) 2.33
SE md 0.61

CD (0.05) 1.73
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4.3.1.4. Days to first flowering

Effect of selective fertilization and high temperature condition on time of
anthesis in the crossed genotypes is depicted in Table 16. The difference among the

varieties on days to flowering was highly significant.

AS x AN (SF) took the shortest period (37 days) for flowering, while AS x IIHR
(SF) took the longest days for flowering (50 days). The normal and selectively
fertilized crosses of T x S (tolerant genotype as male parent) flowered comparatively
earlier than the reciprocal crossed (S x T) (susceptible genotype as male parent) ones.
The number of days taken by the selectively fertilized and normal crosses of tolerant
and susceptible were 37 to 44 days, with an exception of T1, T4, T9, T12 and T17,

while reciprocal crosses took 45 to 50 days for first flowering.

4.3.1.5. Number of flowers with exerted stigma

Effect of selective fertilization and high temperature condition on percentage
number of flowers with exerted stigma is depicted in Table 17. It was expressed in terms

of percentage.

During first month after transplanting there was no significant difference
observed among the crossed genotypes. While during the second month after
transplanting the crosses shows significant difference in percentage number of flowers
with exerted stigma. Among the crosses significantly higher mean value for number of
flowers with exerted stigma was observed in PR x IIHR with a percentage of 73.49
which is a reciprocal crossed genotype of tolerant and susceptible (susceptible
genotype as male parent). The lowest mean value for percentage number of flowers
with exerted stigma was observed in IIHR x MP (SF) i.e. 20.63 %. Fig 5 represents the
percentage of flowers with exerted stigma (Stigma exertion %) of selectively fertilized

and normal tomato plants at 30 and 60 DAT.

Among the 36 crosses, the reciprocal crossed (susceptible genotype as male
parent) genotypes i.e. both normal and selectively fertilized reciprocal crosses equally
showed more stigma exertion percentage than the tolerant x susceptible (tolerant

genotype as male parent) crosses (both SF and normal crosses). The selectively crossed
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Table 16: Number of days to first flowering in selectively fertilized and normal

tomato plants.

TREATMENTS Varietal crosses Days to first flowering

T1 45.5
T1x S1 (AN x MP)

T2 41.5
T1 X S2 (AN x PR)

T3 43.0
T1 X S3 (AN x AS)

T4 47.5
T2 X S1(VV x MP)

T5 42.0
T2 X S2 (VV x PR)

T6 39.0
T2 X S3 (VV x AS)

T7 41.0
T3 X S1 (ITHR x MP)

T8 39.5
T3 X S2 (ITHR x PR)

T9 44.5
T3 X S3 (IIHR x AS)

T10 43.0
T1 X S1 (SF) (AN x MP (SF))

T11 38.0
T1 X S2 (SF) (AN x PR (Sf))

T12 45.0
T1 X S3 (SF) (AN x AS (SF))

T13 42.5
T2 X S1 (SF) (VV x MP(SF))

T14 42.5
T2 X S2 (SF) (VV x PR (SF))

T15 43.5
T2 X S3 (SF) (VV x AS (SF))

T16 38.0
T3 X S1 (SF) (ITHR x MP (SF))

T17 44.5
T3 X S2 (SF) (ITHR x PR (Sf))

T18 41.5
T3 X S3 (SF) IIHR x AS (SF))

T19 S1 XTI (MP x AN) 42.0

T20 S2 X T1 (PR x AN) 44.0

T21 S3 X T1 (AS x AN) 44.5

T22 SI1 XT2 (MPx VV) 44.0
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T23 S2 X T2 (PR x VV) 38.0
T24 S3 X T2 (AS x VV) 46.5
T25 S1 X T3 (MP x ITHR) 45.0
T26 S2 X T3 (PR x IIHR) 475
T27 S3 X T3 (AS x ITHR) 44.0
T28 S1 X T1 (SF) (MP x AN (SF)) 41.0
T29 S2 X T1 (SF) (PR x AN (SF)) 46.5
T30 S3 X T1 (SF) (AS x AN(SF)) 37.0
T31 S1 X T2 (SF) (MP x VV(SF)) 425
T32 S2 X T2 (SF) (PR x VV (SF)) 44.0
T33 S3 X T2 (SF) (AS x VV(SF)) 46.0
T34 S1 X T3 (SF) (MP x IIHR(SF)) 415
T35 S2 X T3 (SF) (PR x ITHR(SF)) 435
T36 S3 X T3 (SF) (AS x ITHR(SF)) 50.0
SE m 1.23

CD (0.05) 3.55
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Table 17: Percentage of flowers with exerted stigma in selectively fertilized and
normal tomato plants.

Stigma exertion %

TREATMENTS Varietal crosses
30 DAT 60 DAT

T1 38.89 34.44
T1x S1 (AN x MP)

T2 50.00 38.89
T1 X S2 (AN x PR)

T3 66.67 50.00
T1 X S3 (AN x AS)

T4 27.78 23.81
T2 X S1 (VV x MP)

T5 38.89 53.33
T2 X S2 (VV x PR)

T6 22.22 33.33
T2 X S3 (VV x AS)

T7 28.33 25.92
T3 X S1 (ITHR x MP)

T8 25.00 55.56
T3 X S2 (ITHR x PR)

T9 68.89 62.38
T3 X S3 (ITHR x AS)

T10 16.67 30.55
T1 X S1 (SF) (AN x MP (SF))

T11 86.67 50.79
T1 X S2 (SF) (AN x PR (Sf))

T12 52.78 3691
T1 X S3 (SF) (AN x AS (SF))

T13 19.44 45.77
T2 X S1 (SF) (VV x MP(SF))

T14 61.11 69.45
T2 X S2 (SF) (VV x PR (SF))

T15 55.56 31.94
T2 X S3 (SF) (VV x AS (SF))

T16 16.67 20.63
T3 X S1 (SF) (ITHR x MP (SF))

T17 33.33 29.17
T3 X S2 (SF) (ITHR x PR (Sf))

TI18 58.33 21.75
T3 X S3 (SF) ITHR x AS (SF))

T19 S1 X T1 (MP x AN) 46.67 37.78

T20 S2 X T1 (PR x AN) 22.22 51.19

T21 S3 X T1 (AS x AN) 53.33 56.67

T22 S1 XT2 (MPx VV) 62.22 22.86
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T23 S2 X T2 (PR x VV) 50.00 60.41
T24 S3 X T2 (AS x VV) 58.33 52.06
T25 S1 X T3 (MP x IIHR) 50.00 56.67
T26 S2 X T3 (PR x IIHR) 71.67 73.49
T27 S3 X T3 (AS x ITHR) 30.55 36.19
T28 S1 X T1 (SF) (MP x AN (SF)) 48.89 34.44
T29 S2 X T1 (SF) (PR x AN (SF)) 83.33 52.38
T30 S3 X T1 (SF) (AS x AN(SF)) 37.22 41.67
T31 S1 X T2 (SF) (MP x VV(SF)) 41.67 24.52
T32 S2 X T2 (SF) (PR x VV (SF)) 70.00 55.56
T33 S3 X T2 (SF) (AS x VV(SF)) 42.22 54.76
T34 S1 X T3 (SF) (MP x IIHR(SF)) 25.00 56.67
T35 S2 X T3 (SF) (PR x IIHR(SF)) 44.44 52.22
T36 S3 X T3 (SF) (AS x ITHR(SF)) 68.89 50.00
SE m+ 21.55 10.42

CD (0.05) NS 29.39
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genotypes of tolerant and susceptible genotype (tolerant genotype as male parent)
showed least stigma exertion percentage under high temperature condition than the

other crosses, that shows the best performance under high temperature.
4.3.1.6 Stigma exertion (mm)

Effect of selective fertilization under high temperature condition on length of
exerted stigma is depicted in Table 18. The number of flowers with exerted stigma was
high under high temperature. During first month after transplanting among the crosses
significantly longer exerted stigma was observed in the SF reciprocal crosses
(susceptible genotype as male parent). Among the varietal crosses significantly higher
mean value was observed in T33 (AS x VV(SF)) (1.98 mm) and the lowest mean value
for the exerted stigma length was observed in T4 (VV x MP) and T10 (AN x MP (SF))
(0.02 mm).

During second month after transplanting among the crosses significantly longer
exerted stigma was observed in normal hybrids of tolerant and susceptible (tolerant
genotype as male parent). Among the varietal crosses significantly highest mean value
was observed in T6 (VV x AS) (2.50 mm). The lowest mean value for the exerted stigma
length was observed in T31 (MP x VV (SF)) (0.16 mm) which was at par with T1, T10,
T25,T34,T13, T14, T33, T35, T32,T28, T16, T7, T2 and T17. Overall the SF crosses
of both T x S (tolerant genotype as male parent) and S x T (susceptible genotype as

male parent) showed less stigma exertion than its normal crosses (Plate 17a and 17b).

4.3.2. Physiological Parameters

Photosynthetic rate, relative water content, membrane integrity, vitamin
C content, SOD activity and pollen viability per plant were recorded in the course of
the experiment, the results exhibited significant variation in selectively fertilized

crosses and normal crosses.
4.3.2.1. Photosynthetic rate

Effect of selective fertilization and high temperature condition on
photosynthetic rate of tomato is depicted in Table 19. Photosynthetic rate will give the
overall health figure of the plants. photosynthetic rate will be higher in tolerant ones as
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Table 18: Stigma exertion length in selectively fertilized and normal tomato

plants.
Stigma exertion (mm)
TREATMENTS Varietal crosses
30 DAT 60 DAT

T1 0.13

T1x S1 (AN x MP) 0.17
T 0.25

T1 X S2 (AN x PR) 044
T3 1.38 171

T1 X S3 (AN x AS) '
T4 0.02

T2 X S1 (VV x MP) 065
T5 0.13 1.54

T2 X S2 (VV x PR) '
T6 1.17

T2 X S3 (VV x AS) 20
T7 0.10

T3 X S1 (IIHR x MP) 044
T3 0.15

T3 X S2 (ITHR x PR) 0.64

T3 X S3 (ITHR x AS) '
T10 0.02 021

T1 X S1 (SF) (AN x MP (SF)) :
T11 0.56 0.46

T1 X S2 (SF) (AN x PR (Sf)) :
T12 0.58 1.33

T1 X S3 (SF) (AN x AS (SF)) '

T2 X S1 (SF) (VV x MP(SF)) '
T14 1.29 0.25

T2 X S2 (SF) (VV x PR (SF)) :

T2 X S3 (SF) (VV x AS (SF)) '

T3 X S1 (SF) (ITHR x MP (SF)) '
T17 0.44 0.45

T3 X S2 (SF) (ITHR x PR (Sf)) '

T3 X S3 (SF) ITHR x AS (SF)) '
T19 S1 X T1 (MP x AN) 0.17 0.86
T20 S2 X T1 (PR x AN) 0.50 0.50
T21 S3 X T1 (AS x AN) 0.92 1.58
T22 S1 X T2 (MPx VV) 0.25 0.58
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T23 S2 X T2 (PR x VV) 0.17 1.40
T24 S3 X T2 (ASx VV) 0.91 183
T25 S1X T3 (MP x ITHR) 0.17 022
T26 S2 X T3 (PR x IIHR) 0.31 0.60
T27 S3 X T3 (AS x IIHR) 1.25 1.67
T28 S1 X T1 (SF) (MP x AN (SF)) 0.25 033
T29 S2 X T1 (SF) (PR x AN (SF)) 0.58 075
T30 S3 X T1 (SF) (AS x AN(SF)) 1.00 1.17
T31 S1 X T2 (SF) (MP x VV(SF)) 0.32 017
T32 S2 X T2 (SF) (PR x VV (SF)) 1.25 033
T33 S3 X T2 (SF) (AS x VV(SF)) 1.92 027
T34 S1 X T3 (SF) (MP x IIHR(SF)) 0.25 022
T35 S2 X T3 (SF) (PR x ITHR(SF)) 0.58 030
T36 S3 X T3 (SF) (AS x ITHR(SF)) 1.20 117
SE m+ 0.3 0.25

CD (0.05) 0.85 0.72
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compared to susceptible parents under temperature stress.

During first month after transplanting, among the treatments significantly
highest photosynthetic rate was observed in T12 (AN x AS (SF)) (18.03) and lowest in
T26 (PR x IIHR) (8.30). While at 60 DAT, T13 (VV x MP (SF)) and T3 (AN x AS)
showed the highest and lowest photosynthetic rate i.e., 8.30 and 5.40 respectively. It
was also observed from the experiment that the SF showed more photosynthetic rate
than normal crossed ones. Among them also the selectively fertilized crosses having
tolerant genotype as the male parent shows more photosynthetic rate than the crosses
having susceptible genotype as male. Fig 6 shows the photosynthetic rate of selectively

fertilized and normal tomato plants at 30 and 60 DAT.
4.3.2.2. Relative water content (RWC)

Effect of selective fertilization and high temperature condition on relative water
content is depicted in Table 20. RWC is also an indicator of tolerance level of plant at
high temperature. The tolerant plant can able to maintain plant water content at high
temperature than the susceptible ones. Relative water content decreases at high

temperature.

It was observed that among the crosses significantly highest mean value was
recorded in the reciprocal crossed selective fertilized hybrids i.e., the crosses which had
susceptible genotype as male parent (Fig 7). At 30 DAT, T33 (AS x VV (SF)) (77.28
%) and T24 (AS x VV) (54.88%) recorded the highest and lowest RWC respectively.
While at 60 DAT, T29 (PR x AN (SF)) recorded the highest & T10 (AN x MP (SF))
recorded the least RWC.

4.3.2.3. Membrane integrity (% Leakage)

Membrane integrity in terms of % leakage due to selective fertilization and high
temperature condition is depicted in Table 21. Increased % leakage of electrolyte shows
the decreased membrane stability. Decrease in % leakage at high temperature is an

indicator of temperature tolerance.

Among the crosses, at 30 DAT, T27 (AS x IIHR) showed the least % leakage
i.e. 3.69 % and T20 showed the highest leakage (62.54%). While at the time of 60 days
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(b) Stigma exertion length in selectively fertilized hybrid

Plate 17: Stigma exertion length in normal and selectively fertilized tomato
genotypes.



Table 19: Photosynthetic rate (umole CO2 m s) of selectively fertilized and
normal tomato plants.

Photosynthetic rate (umole CO2 m? s!)

TREATMENTS Varietal crosses
30 DAT 60 DAT
T1
T1x S1 (AN x MP) 13.95 7.80
T2
T1 X S2 (AN x PR) 12.97 9.23
T3
T1 X S3 (AN x AS) 11.17 5.40
T4
T2 X S1(VV x MP) 10.63 7.33
T5
T2 X S2 (VV x PR) 9.70 6.77
T6
T2 X S3 (VV x AS) 8.67 7.57
T7
T3 X S1 (ITHR x MP) 10.33 8.73
T&
T3 X S2 (ITHR x PR) 10.10 6.40
T9
T3 X S3 (ITHR x AS) 8.80 5.53
T10
T1 X S1 (SF) (AN x MP (SF)) 11.53 7.20
T11
T1 X S2 (SF) (AN x PR (Sf)) 13.47 10.40
T12
T1 X S3 (SF) (AN x AS (SF)) 18.03 9.67
T13
T2 X S1 (SF) (VV x MP(SF)) 16.80 10.73
T14
T2 X S2 (SF) (VV x PR (SF)) 11.73 6.57
T15
T2 X S3 (SF) (VV x AS (SF)) 13.63 9.57
T16
T3 X S1 (SF) (ITHR x MP (SF)) 12.10 8.20
T17
T3 X S2 (SF) (ITHR x PR (Sf)) 14.80 9.43
TI18
T3 X S3 (SF) ITHR x AS (SF)) 13.67 7.67
T19 S1 XTI (MP x AN)
10.07 6.43
T20 S2 X T1 (PR x AN)
9.70 6.30
T21 S3 X T1 (AS x AN)
11.00 8.13
T22 S1 XT2 (MPx VV)
12.23 7.60
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23 S2 X T2 (PR x VV)
11.73 6.60
T24 S3X T2 (AS x VV)
8.63 6.17
T25 S1 X T3 (MP x IIHR)
8.73 773
T26 S2 X T3 (PR x ITHR)
8.30 5.63
T27 S3 X T3 (AS x IIHR)
8.43 6.43
T28 S1 X T1 (SF) (MP x AN (SF
(SE) (MP x AN (SF)) 8.47 5.50
T29 S2 X T1 (SF) (PR x AN (SF
(SE) (PR X AN (SE)) 8.77 6.17
T30 S3 X T1 (SF) (AS x AN(SF
(SE) (AS x AN(SE)) 11.67 8.20
T31 S1 X T2 (SF) (MP x VV(SF
(SE) (MP x VV(SE)) 13.23 8.30
T32 S2 X T2 (SF) (PR x VV (SF
(SE) (PR VV/(SE)) 12.27 727
T33 S3 X T2 (SF) (AS x VV(SF
(SE) (AS x VV(SE)) 10.13 6.07
T34 ST X T3 (SF) (MP x [THR(SF))
12.30 8.37
T35 S2 X T3 (SF) (PR x IIHR(SF))
10.53 6.37
T36 S3 X T3 (SF) (AS x ITHR(SF))
10.77 6.90
SE m+
0.981 0415
CD (0.05)
277 0.951
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Figure 6: Photosynthetic rate of selectively fertilized and normal tomato plants



Table 20: Relative water content (%) of selectively fertilized and normal tomato

plants.
RWC %
TREATMENTS Varietal crosses
30 DAT 60 DAT
B T1x SI (AN x MP) 65.00 54.40
s T1 X S2 (AN x PR) 65.37 53.00
o T1 X S3 (AN x AS) 66.80 56.93
™ T2 X S1 (VV x MP) 65.21 51.26
o T2 X S2 (VV x PR) 74.45 53.98
1o T2 X S3 (VV x AS) 68.04 53.16
! T3 X S1 (IIHR x MP) 63.10 51.66
' T3 X S2 (IIHR x PR) 64.85 46.28
" T3 X S3 (IIHR x AS) 64.27 54.30
o T1 X S1 (SF) (AN x MP (SF)) 63.93 44.01
TH T1 X S2 (SF) (AN x PR (Sf)) 67.09 47.87
e T1 X S3 (SF) (AN x AS (SF)) 57.59 48.87
1 T2 X S1 (SF) (VV x MP(SF)) 57.60 46.66
e T2 X S2 (SF) (VV x PR (SF)) 73.37 53.33
e T2 X S3 (SF) (VV x AS (SF)) 60.43 49.67
e T3 X S1 (SF) (IIHR x MP (SF)) 66.62 59.09
T T3 X S2 (SF) (IIHR x PR (Sf)) 67.14 45.94
e T3 X S3 (SF) IIHR x AS (SF)) 57.66 50.47
T19 S1 X T1 (MP x AN) 6116 18,95
T20 S2 X T1 (PR x AN) 56,30 18,05
T21 S3 X T1 (AS x AN) €3 94 53.03
T22 S1X T2 (MPx VV) €3 54 718
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T23 S2 X T2 (PR x VV) 66.99 52.03
T24 S3 X T2 (AS x VV) 5488 s4.84
25 S1 X T3 (MP x [IHR) 61.26 58.96
T26 S2 X T3 (PR x IIHR) 64.81 46.50
T27 S3 X T3 (AS x IIHR) 66.36 45.00
T28 S1 X T1 (SF) (MP x AN (SF)) 20.39 56.14
T29 S2 X T1 (SF) (PR x AN (SF)) 75 31 64.09
T30 S3 X T1 (SF) (AS x AN(SF)) 67.04 48.62
T31 S1 X T2 (SF) (MP x VV(SF)) 7175 59.74
T32 S2 X T2 (SF) (PR x V'V (SF)) 317 5044
T33 S3 X T2 (SF) (AS x VV(SF)) 7798 57.78
T34 S1 X T3 (SF) (MP x IIHR(SF)) 70.84 57.48
T35 S2 X T3 (SF) (PR x [IHR(SF)) 65,65 56.83
T36 S3 X T3 (SF) (AS x IIHR(SF)) 5 15 5571
SE m: 1.61 131
D (0.05) 4.55 3.69
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Table 21: Membrane integrity (% leakage) of selectively fertilized and normal

tomato plants

% leakage

TREATMENTS Varietal crosses
30 DAT 60 DAT
! T1x SI (AN x MP) 11.98 7.14
s T1 X S2 (AN x PR) 11.67 6.14
o T1 X S3 (AN x AS) 9.52 5.52
™ T2 X S1 (VV x MP) 9.09 10.15
o T2 X S2 (VV x PR) 12.50 11.54
1o T2 X S3 (VV x AS) 12.31 6.66
! T3 X S1 (IIHR x MP) 17.88 6.43
' T3 X S2 (IIHR x PR) 42.71 21.05
" T3 X S3 (IIHR x AS) 16.67 10.30
o T1 X S1 (SF) (AN x MP (SF)) 15.08 8.94
i T1 X S2 (SF) (AN x PR (Sf)) 11.14 7.46
e T1 X S3 (SF) (AN x AS (SF)) 20.00 12.65
1 T2 X S1 (SF) (VV x MP(SF)) 1641 9.61
e T2 X S2 (SF) (VV x PR (SF)) 9.80 5.42
n T2 X S3 (SF) (VV x AS (SF)) 11.00 6.45
116 T3 X S1 (SF) (IIHR x MP (SF)) 22.78 15.71
T17 T3 X S2 (SF) (IIHR x PR (Sf)) 26.67 13.73
e T3 X S3 (SF) IIHR x AS (SF)) 27.87 17.41
T19 S1 X T1 (MP x AN) 1765 0 46
T20 S2 X T1 (PR x AN) 62.54 27 65
T21 S3 X T1 (AS x AN) . s 10
T22 S1X T2 (MPx VV) 16.63 30
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23 [S2X T2 (PRxVV) 22 1144
T24  [S3XT2(ASxVV) 2954 728
T25  [S1 XT3 (MP x [IHR) 6.8 a1
T26  [S2 X T3 (PR x IIHR) 1765 711
T27 83 X T3 (AS x IIHR) 3.60 1.78
T28  [SI X T1 (SF) (MP x AN (SF)) 451 1631
T29  [S2 XTI (SF) (PR x AN (SF)) 20,03 10.82
T30 [S3 X T1 (SF) (AS x AN(SF)) 0 36 )56
T31  [S1 X T2 (SF) (MP x VV(SF)) L1l 564
T32  [S2 X T2 (SF) (PR x VV (SF)) s 42 872
T33  [S3 X T2 (SF) (AS x VV(SF)) 04 6.57
T34 [S1 XT3 (SF) (MP x IIHR(SF)) 23,35 8.79
T35 [S2 X T3 (SF) (PR x IIHR(SF)) 5 45 229
T36  [S3 X T3 (SF) (AS x [THR(SF)) 008 e
SE m: 2.64 0.29

D (0.05) 7.69 0.83
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Figure 8: % Leakage in selectively fertilized and normal tomato plants



after transplanting, the lowest % leakage was detected in T27 (AS x IIHR) which was
at par with T30 (AS x AN (SF)) and T35 (PR x IIHR (SF)) & highest in T20 (PR x AN).

In case of % leakage, it was observed that normal hybrids having tolerant
genotype as male parent had less leakage than its SF crosses, but contradictory it was
opposite in case of its reciprocal crosses (i.e. the hybrids having susceptible genotype
as male parent), in which the SF hybrids shows less % leakage than the normal hybrids
(Fig 8). Among the whole 36 crosses also the selectively fertilized crosses of hybrids
having susceptible genotype as male parent showed better performance than the other

Crosses.
4.3.2.4. Vitamin C content

Effect of selective fertilization and high temperature condition on vitamin C

content on leaves is depicted in Table 22.

Ascorbic acid (Vit C) is an antioxidant as it will help to scavenge ROS particles.
The highest ascorbic acid content means it has more tolerance to temperature than the
remaining ones. In this experiment the overall highest mean value was noticed in

selectively fertilized crosses compared to normal crosses.

Among the varietal crosses, T12 (AN x AS (SF)) and T18 (IIHR x AS (SF))
recorded highest ascorbate content at 30 DAT (476.19 pg g') and T9 (ITHR x AS) at 60
DAT (413.02 pg g™!). The lowest was observed in T26 (PR x ITHR) (242.95 pg g!) at
30 DAT and in T5 (VV x PR) & T26 (PR x IIHR) (194.36 pg g’') at 60 DAT.

4.3.2.5. SOD activity

Data recorded for superoxide dismutase activity of selectively fertilized and
normal crosses of tomato plants under different temperature treatments is presented in
Table 23. SOD is also an antioxidant. Under high temperature stress, sod activity

increases to scavenge the ROS particle.

In this experiment the mean activity of selectively fertilized hybrids recorded
higher than the normal crosses. Among the SF hybrids, crosses having tolerant genotype

as male parent recorded higher sod activity than the hybrids having susceptible
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Table 22: Vitamin C (ug g) in selectively fertilized and normal tomato plants

Vitamin C (ug g!)

TREATMENTS Varietal crosses

30 DAT 60 DAT
! T1x S1 (AN x MP) 451.90 354.71
" T1 X S2 (AN x PR) 403.30 330.42
o T1 X S3 (AN x AS) 383.87 315.84
T4 T2 X S1 (VV x MP) 345.00 286.69
o T2 X S2 (VV x PR) 272.11 194.36
1o T2 X S3 (VV x AS) 267.25 228.38
! T3 X S1 (IIHR x MP) 456.75 369.29
' T3 X S2 (IIHR x PR) 413.02 330.42
" T3 X S3 (IIHR x AS) 301.26 413.02
o T1 X S1 (SF) (AN x MP (SF)) 374.15 238.10
TH T1 X S2 (SF) (AN x PR (S1)) 417.88 301.26
e T1 X S3 (SF) (AN x AS (SF)) 476.19 345.00
1 T2 X S1 (SF) (VV x MP(SF)) 383.87 374.15
e T2 X S2 (SF) (VV x PR (SF)) 403.30 310.98
" T2 X S3 (SF) (VV x AS (SF)) 432.46 354.71
e T3 X S1 (SF) (IIHR x MP (SF)) 442.18 349.85
T” T3 X S2 (SF) (IIHR x PR (Sf)) 471.33 354.71
e T3 X S3 (SF) IIHR x AS (SF)) 476.19 374.15
T19 S1 X T1 (MP x AN) 413.02 345.00
T20 S2 X T1 (PR x AN) 369.29 315.84
T21 S3 X T1 (AS x AN) 581.83 238,10
T22 SIXT2 (MPx VV) 379,01 20196
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T23 S2 X T2 (PR x VV) 388.73 335.28
T24 S3XT2(ASxVV) 388.73 340.14
T25 S1 X T3 (MP x ITHR) 359,57 315.84
T26 S2 X T3 (PR x IIHR) 242.95 194.36
T27 S3 X T3 (AS x IIHR) 37415 330.42
T28 S1 X T1 (SF) (MP x AN (SF)) 417.88 349.85
T29 S2 X T1 (SF) (PR x AN (SF)) 281.83 238.10
T30 S3 X T1 (SF) (AS x AN(SF)) 413.02 359.57
T31 S1 X T2 (SF) (MP x VV(SF)) 413.02 330.42
T32 S2 X T2 (SF) (PR x VV (SF)) 398 45 340.14
T33 S3 X T2 (SF) (AS x VV(SF)) 403.30 345.00
T34 S1 X T3 (SF) (MP x ITHR(SF)) 306.12 267.25
T35 S2 X T3 (SF) (PR x IIHR(SF)) 29155 238.10
T36 S3 X T3 (SF) (AS x ITHR(SF)) 276.97 218.66

SE m: 7.85 6.67

CD (0.05) 1 188
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Table 23: SOD activity (activity g! min') of selectively fertilized and normal

tomato plants.

SOD activity (activity g'! min')
TREATMENTS Varietal crosses
30 DAT 60 DAT
! T1 x S1 (AN x MP) 0.16 0.06
" T1 X S2 (AN x PR) 0.20 0.07
o T1 X S3 (AN x AS) 0.08 0.04
™ T2 X S1 (VV x MP) 0.18 0.09
o T2 X S2 (VV x PR) 0.23 0.18
1o T2 X S3 (VV x AS) 0.15 0.13
! T3 X S1 (IIHR x MP) 0.25 0.14
' T3 X S2 (IIHR x PR) 0.36 0.08
" T3 X S3 (IIHR x AS) 0.22 0.04
o T1 X SI (SF) (AN x MP (SF)) 0.45 0.21
i T1 X S2 (SF) (AN x PR (Sf)) 0.32 0.11
" T1 X S3 (SF) (AN x AS (SF)) 0.29 0.1
T T2 X S1 (SF) (VV x MP(SF)) 0.24 0.14
e T2 X S2 (SF) (VV x PR (SF)) 0.26 0.22
" T2 X S3 (SF) (VV x AS (SF)) 0.09 0.06
Tl T3 X S1 (SF) (IIHR x MP (SF)) 0.22 0.09
T T3 X S2 (SF) (IIHR x PR (S1)) 0.14 0.16
e T3 X S3 (SF) IIHR x AS (SF)) 0.12 0.09
T19 S1 X T1 (MP x AN) 0.20 0.05
T20 S2 X T1 (PR x AN) 0.27 0.08
T21 S3 X T1 (AS x AN) 0.25 o1l
T22 S1XT2 (MPx VV) 0.20 012
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T23 S2 X T2 (PR x VV) 0.19 0.08
T24 S3 X T2 (AS x VV) 0.27 0.09
25 S1 X T3 (MP x [IHR) 0.26 0.07
T26 S2 X T3 (PR x IIHR) 0.18 0.03
T27 S3 X T3 (AS x [IHR) 0.24 0.03
T28 S1 X T1 (SF) (MP x AN (SF)) 023 0.35
T29 S2 X T1 (SF) (PR x AN (SF)) 0.5 0.02
T30 S3 X T1 (SF) (AS x AN(SF)) 0.15 0.01
T31 S1 X T2 (SF) (MP x VV(SF)) 0.10 0.05
T32 S2 X T2 (SF) (PR x VV (SF)) 011 0.15
T33 S3 X T2 (SF) (AS x VV(SF)) 0.20 0.09
T34 S1 X T3 (SF) (MP x IIHR(SF)) 0.13 0.09
T35 S2 X T3 (SF) (PR x ITHR(SF)) 021 0.14
T36 S3 X T3 (SF) (AS x ITHR(SF)) 0.11 0.09
SE m: 0.06 0.01

D (0.05) 0.18 0.03
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genotype as male with an exception of T28 (MP x AN (SF)), in which the reciprocal

crossed (susceptible as male parent) recorded more sod activity.

At 30 DAT, the observed highest sod activity was noted in T10 (AN x MP (SF))
and lowest in T3 (AN x AS), while which was highest in T28 (MP x AN (SF)) and
lowest in T30 (AS x AN(SF)) at 60 DAT. The exceptional cases of normal hybrids
having more sod activity than the SF hybrids also observed in the experiment, but the

overall mean performance was always high in selectively fertilized ones.
4.3.2.6. Pollen viability

Effect of selective fertilization and high temperature condition in the pollen

viability of each varietal crosses are depicted in Table 24.

Pollen viability decreases at high temp due to the deformity of pollen grains
under heat stress. In case of pollen viability, the normal crosses showed slightly higher
pollen viability than the SF ones. Among the 36 crosses, T1 (AN x MP) showed highest
pollen viability followed by T10 (AN x MP (SF)) and T19 (MP x AN). The pollen
viability of AN x MP and AN x MP (SF) is shown in plate 18.

While observing the hybrids it was seen that the pollen viability of SF hybrids
of reciprocal crosses (susceptible genotype as male parent) drastically reduced under
high temperature condition compared to other crosses with an exception of PR x VV,

in which its SF cross showed more pollen viability than the normal cross (Plate 19).
4.3.2.7 Total yield

Effect of selective fertilization and high temperature condition on yield of each
varietal crosses are depicted in Table 25. Yield per plant significantly decreased at high

temperature in all tomato genotypes.

T10 (AN x MP (SF)) (226 g/plant) gave the maximum yield per plant under heat
stress condition. The lowest yield was observed in T35 (PR x ITHR(SF)) (80.5 g/plant)
which was at par with (PR x VV) (80 g/plant). The selectively fertilized hybrids given

more yield than the normal crosses (Fig 9).
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Table 24: Pollen viability of selectively fertilized and normal tomato plants

TREATMENTS Varietal crosses Pollen viability(%)
T T1 x SI (AN x MP) 100.00
12 T1 X S2 (AN x PR) 91.00
1 T1 X S3 (AN x AS) 93.60
T T2 X SI (VV x MP) 95.17
B T2 X S2 (VV x PR) 36.60
16 T2 X S3 (VV x AS) 73.40
17 T3 X S1 (IIHR x MP) 77.07
T8 T3 X S2 (ITHR x PR) 56.73
o T3 X S3 (IIHR x AS) 74.40
110 T1 X S1 (SF) (AN x MP (SF)) 98.53
B T1 X S2 (SF) (AN x PR (Sf)) 91.03
Tz T1 X S3 (SF) (AN x AS (SF)) 53.47
T T2 X S1 (SF) (VV x MP(SF)) 86.97
T T2 X S2 (SF) (VV x PR (SF)) 17.20
> T2 X S3 (SF) (VV x AS (SF)) 65.82
Tie T3 X S1 (SF) (ITHR x MP (SF)) 86.67
t T3 X S2 (SF) (IIHR x PR (S)) 23.83
s T3 X S3 (SF) IIHR x AS (SF)) 44.63
T19 S1 X T1 (MP x AN) 08.93
T20 S2 X T1 (PR x AN) 91.80
T21 S3 X T1 (AS x AN) 76,00
T22 SIXT2 (MPx VV) 700
T23 S2 X T2 (PR x VV) 19.40
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T24

S3 X T2 (AS x VV)

89.20
25 S1 X T3 (MP x ITHR) 88,17
26 S2 X T3 (PR x IIHR) 45.87
27 S3 X T3 (AS x ITHR) 70.97
28 S1 X T1 (SF) (MP x AN (SF)) 56.97
29 S2 X T1 (SF) (PR x AN (SF)) 19,97
T30 S3 X T1 (SF) (AS x AN(SF)) 1417
T31 S1 X T2 (SF) (MP x VV(SF)) 63.23
32 S2 X T2 (SF) (PR x VV (SF)) 52.10
T33 S3 X T2 (SF) (AS x VV(SF)) 1933
T34 S1 X T3 (SF) (MP x [THR(SF)) 45.47
T35 S2 X T3 (SF) (PR x [THR(SF)) 803
T36 S3 X T3 (SF) (AS x [IHR(SF)) 273
SE m= 1.65

CD (0.05) i s
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AN X MP AN X MP (SF)

Plate 18: Pollen viability of selectively fertilized and normal tomato plants

PR x VV PR x VV (SF)

Plate 19: Pollen viability of PR x VV (normal ) and PR x VV (SF) (selectively
fertilized) tomato cross.



Table 25: Total yield/ plant (g) in selectively fertilized and normal crossed tomato
plants

TREATMENTS Varietal crosses Yield (g)
! T1x S1 (AN x MP) 203.00
" T1 X S2 (AN x PR) 181.12
" T1X S3 (ANxXAS) 130.86
" T2 X S1 (VV x MP) 171.06
o T2 X S2 (VV x PR) 144.82
1 T2 X S3 (VV x AS) 156.23
! T3 X S1 (IIHR x MP) 153.25
' T3 X S2 (IIHR x PR) 153.50
v T3 X S3 (IIHR x AS) 172.06
o T1 X S1 (SF) (AN x MP (SF)) 226.00
TH T1 X S2 (SF) (AN x PR (S1)) 189.50
e T1 X S3 (SF) (AN x AS (SF)) 95.50
" T2 X 81 (SF) (VV x MP(SF)) 155.00
T14 T2 X S2 (SF) (VV x PR (SF)) 192.55
e T2 X S3 (SF) (VV x AS (SF)) 167.15
e T3 X S1 (SF) (ITHR x MP (SF)) 186.60
T17 T3 X S2 (SF) (IIHR x PR (Sf)) 94.00
e T3 X S3 (SF) IIHR x AS (SF)) 146.05
T19 S1 X T1 (MP x AN) 15775
T20 S2 X T1 (PR x AN) 107.00
T21 S3 X T1 (AS x AN) 93.00
T22 SIXT2 (MPx VV) 130.00
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23 S2 X T2 (PR x VV) 83.00
T24 S3 X T2 (AS x VV) 127.50
25 S1 X T3 (MP x IIHR) 140.00
26 S2 X T3 (PR x IIHR) 117.50
27 S3 X T3 (AS x [IHR) 153.50
28 S1 X T1 (SF) (MP x AN (SF)) 105.00
29 S2 X T1 (SF) (PR x AN (SF)) 91.00
T30 S3 X T1 (SF) (AS x AN(SF)) 113.86
T31 S1 X T2 (SF) (MP x VV(SF)) 129.00
32 S2 X T2 (SF) (PR x VV (SF)) 178,00
33 S3 X T2 (SF) (AS x VV(SF)) 117.50
T34 S1 X T3 (SF) (MP x IIHR(SF)) 121.00
T35 S2 X T3 (SF) (PR x [IHR(SF)) 20,50
T36 S3 X T3 (SF) (AS x ITHR(SF)) 105.00
SE m= 2754

CD (0.05) e
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The correlation analysis was done. The correlation between different yield
attributes and thermotolerance characters with yield under stress condition is shown in
the Table 26. Yield had a significant positive correlation with yield attributes like pollen
viability (0.397**) and non-significant positive correlations with number of fruits
per cluster (0.165). The traits no of flowers per cluster (-0.113) and number of flowers
with exerted stigma (-0.133) were non-significant negative correlation with yield at the
phenotypic level. The thermotolerance attributes like photosynthetic rate (0.139), Sod
activity (0.134) showed positive but non-significant correlation with yield and the %

leakage (-0.022) showed a negative correlation.
4.3.3. ANATOMY OF ANTHER

The SEM analysis of the sectional view of anther of 8 crosses were done to
study the difference of anther surface and pollen grains abundance in selectively
fertilized and normal hybrids. The one cross was AN x MP and its selectively fertilized
line, as it was selected as best in the previous experiment. In case of Anagha and
Manuprabha, in normal cross, the pollen grains are well developed and high in number
compared to its selectively fertilized one. The pollen grains are well occupied in the

normal cross while in SF, it is dispersed randomly in the anther (Plate 20).

The study of anther in the best tolerant (Anagha) and least susceptible (Arka
Saurabh) varieties from the second experiment were also done. The whole four crosses
among them were analysed. Both standard cross (tolerant as male parent) and its
reciprocal cross (susceptible as male parent) with and without pollen selection were
evaluated. In the first comparison i.e. tolerant as male parent, AN x AS and AN x AS
(SF), the no of pollen grains was high in SF compared to normal hybrid (Plate 21). The
anther walls and pollen grains were also well developed in SF compared to normal
hybrid. Pollen sacs were also showed deformation in normal hybrid as it was not well
developed and clumped together. But in SF the pollen sacs are well formed and have

ample space for pollen grains (Plate 22).

Secondly the reciprocal crossed (susceptible as male parent) hybrid of Anagha

and Arka Saurabh was also done (i.e. AS x AN & AS x AN (SF)). In this one also the
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Table 26: Pearson correlation matrix

Correlations @ *P <-0.05, **P<0.01, ***P<0.001

2 3 4 5 6 7 8 9
Yield No. of No .of No .of No. of Photosynthetic Membrane SOD Pollen
flowers | fruits per flowers clusters rate integrity activity | viability
per cluster with per plant (%Leakage)
cluster exerted
stigma
Yield 1 -0.113 0.165 -0.133 -0.12 0.139 -0.022 0.134 | 0.397%***
No. of flowers -0.113 1 0.033 -0.084 0.012 0.212* 0.044 0.074 -0.2%*
per cluster
No .of fruits per 0.165 0.033 1 -0.261** 0.108 0.134 0.299** -0.219* 0.225%*
cluster
No .of flowers -0.133 -0.084 -0.261** 1 -0.027 -0.269** -0.073 -0.059 -0.243*
with exerted
stigma
No. of clusters -0.12 0.012 0.108 -0.027 1 -0.014 -0.084 0.065 0.114

per plant
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Photosynthetic 0.139 0.212* 0.134 -0.269** -0.014 1 -0.076 0.111 0.156
rate
Membrane -0.022 0.044 0.299** -0.073 -0.084 -0.076 1 -0.225%* 0.062
integrity
(%Leakage)
SOD activity 0.134 0.074 -0.219* -0.059 0.065 0.111 -0.225%* 1 0.05
Pollen viability | 0.397*** -0.2%* 0.225% -0.243* 0.114 0.156 0.062 0.05 1
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Plate 20. SEM of the anther of AN X MP and AN X MP (SF)
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Plate 21. SEM of the anther of AN XAS and AN X AS (SF)
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Plate 22. SEM of pollen sac of SF and normal hybrids
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Plate 23. SEM of the anther of AS X AN and AS X AN (SF)
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Plate 24. Pollen grains of selectively fertilized and normal tomato plants
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Plate 25. Surface structure of anther in selectively fertilized and normal tomato plants.




cross section of anther of the SF were in upright form compared to normal hybrids
(Plate 23). SEM micrographs showed that the tomato pollen exhibits feature of a typical
dicot pollen grain, with a prolate spheroid shape, containing three radially equidistant
elongated apertures. The pollen grains were high in number and well developed in
selectively fertilized cross. But in normal hybrid, the deformation of pollen was
observed (Plate 24). It was distorted and equidistant apertures were absent. The anther
wall was well developed in SF, so it can trap pollen grains well. On the other hand, in

normal hybrids, it is clustered together and distorted (Plate 25).
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DISCUSSION



5. DISCUSSION

The research project on “Physiological and molecular basis of selective
fertilization for high temperature stress tolerance in tomato (Solanum lycopersicum L.)”
aimed to screen the critical temperature for pollen germination of tomato genotypes and
to evaluate the thermotolerance of selectively fertilized tomato hybrids through

physiological and molecular techniques.

In the present programme, critical temperature for pollen germination in ten
varieties of tomato was standardized. The pollen grains that germinated under critical
temperature were used for selective fertilization to develop high temperature tolerance.
Both selectively fertilized and normal crossed plants of three best tolerant and three
susceptible genotypes were exposed to high temperature condition i.e. in a ROS
(ambient temp.+3°C). Observations on physiological and biometrical parameters were
done on the selectively fertilized and normal crossed plants in ROS (rainout shelter).
The F1 hybrid developed in a previous experiment (Ammu, 2019) conducted in the
Department of Plant Physiology were also advanced upto Fs4 generation in ambient
condition using selective fertilization technique to develop a temperature tolerant

variety in this programme.

5.1 ADVANCING THE TEMPERATURE TOLERANT SELECTIVELY
FERTILIZED HYBRID OF ANAGHA AND MANUPRABHA.

Afna et al. (2023) demonstrated the potential of selective fertilization in coconut
hybrids, where pollen grains were selected under water stress conditions and used to
produce hybrids with higher critical temperatures for pollen germination. This suggests
that selective breeding can be effective in enhancing temperature tolerance in crops.
However, the process is complex due to the polygenic nature of heat tolerance and the
influence of genotype by environment (G X E) interactions, as noted in cowpea research
(Jha et al., 2020). The use of advanced breeding techniques, such as marker-assisted
backcrossing (MABC) and multi parent advanced generation intercross (MAGIC), can
accelerate the development of temperature-tolerant lines by enhancing genetic
recombination and selection efficiency (Gaur et al., 2018; Jha et al., 2020). Advancing

the temperature tolerance of selectively fertilized hybrids upto the F4 generation can
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result in improved performance due to selective breeding, as evidenced by increased
growth rates and genetic gains. But, the genetic architecture of temperature tolerance
traits, which may include complex interactions and non-additive genetic effects, can
influence the extent and predictability of performance improvements across generations
(Alemu et al., 2024; Reddy et al., 2022). Therefore, while selective breeding can
enhance temperature tolerance, the outcomes may vary depending on the specific

genetic and environmental condition of the crop.

The advancement of temperature-tolerant hybrids from the F; to F4 generation
involves several breeding strategies and considerations. Initially, F; hybrids are created
by crossing two genetically distinct inbred lines, which often exhibit heterosis or hybrid
vigour (superior performance in the F; generation compared to the parent lines) (Labroo
et al., 2021). However, as the generations advance towards the F4, the uniformity and
heterosis may decline due to segregation and recombination of genes (Labroo ef al.,
2021). Another significant obstacle to achieving genetic progress is the low heritability
observed in most traits. This also suggests that selecting individual plants in the F»

generation for heat tolerance will not be successful (Hazra ef al., 2009).

Heat tolerance is a complex trait influenced by multiple genes and
environmental factors (Shanmugavel et al., 2021). As the generations progressed from
Fi to Fa, selection of individuals that exhibit the desired temperature tolerance while
also considering other physiological traits along with the use of molecular markers is
important. As mentioned by Aswini et al. (2023), molecular markers and quantitative
trait loci (QTL) mapping helps to identify and select for genes associated with heat
tolerance. By the F4 generation, the population may exhibit better performance
compared to the F; due to the segregation of alleles. Similar phenotypic and genotypic
selection practices were employed in the Fi, F» & F3 generation, and F4 generation
developed in this study. The performance of the F3 generation was superior to that of
the F» generation in the experiment. This corresponds with the findings of Barman &
Borah (2012), wherein the F3 generation exhibited higher mean performance and
percentage of population mean than the F» generation for plant height, number of
panicles per plant, grain density, and duration of flowering. They also noted that the

maximum range value was higher in the F4 generation for all parameters except fruit
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weight and fruit diameter. In the current experiment, the lines performed better in the
F4 generation than in other generations, except for fruit size and weight. Barman &
Borah (2012) also mentioned that the F4 generation inherited and retained their parental

characteristics.

There is no consistent trend of increasing or decreasing heritability from the F3
to the F4 generation, as observed in the present study, in accordance with Raval et al.,
(2017). Most of the individual lines outperformed the whole population for the
parameters. Upto the Fs4 stage, the mean values of the parameters of interest for
individual lines are more significant than the performance of the entire population. Rios
(2015) noted that selection until the F4 generation is based on individual plant
assessment in the pedigree method. Making decisions based solely on the mean values
of traits in early segregating populations is insufficient. Selecting based on mean values
does not reveal the range and distribution pattern within each population (Welsh, 1981).
Populations rejected solely on their mean value may result in the loss of low frequency
of high yielding individuals. This statement supports our approach of focusing on the
performance of individual plants rather than the performance of the entire population,
which may decline at any level.

In summary, advancing temperature-tolerant hybrids from the Fi to F4
generation requires careful selection to maintain heterosis and desirable traits. The use
of molecular breeding tools can facilitate the identification and selection of

temperature-tolerant individuals.

5.2 SCREENING HIGH TEMPERATURE TOLERANCE USING THE CRITICAL
TEMPERATURE FOR POLLEN GERMINATION

Pollens can be used as a tool to select genotypes based on temperature tolerance.
Screening for high temperature tolerance in plants often involves assessing the critical
temperature for pollen germination, as this is a key determinant of reproductive success
under heat stress conditions. Studies have shown that pollen germination and viability
are significantly affected by high temperatures, with genotypic differences observed in
the response to heat stress (Singh et al., 2016; Song et al., 2014). In general, genotypes

which are tolerant to high temperature will have high pollen germination and viability
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than the sensitive ones (Dane et al., 1991). For instance, in sorghum, genotypes differed
in their response magnitude to high temperatures, but not in the duration of the critical
period of sensitivity (Singh et al., 2016). Similarly, in upland cotton, a critical
temperature of 35 °C was identified for pollen viability, and genotypes with less
decrease in pollen germination percentage at this temperature were considered more
tolerant (Song et al., 2014). Some studies have identified specific critical temperatures
for pollen germination, while others have used a range of temperatures to determine the
cardinal temperatures (minimum, optimum, and maximum) for pollen germination and
tube growth, which can then be used to calculate a cumulative temperature response
index (CTRI) for screening genotypes (Reddy & Kakani, 2007). This approach has been
applied across various species, including coconut and capsicum, to identify genotypes
with higher tolerance to heat stress (Ranasinghe et al., 2012; Reddy & Kakani, 2007).
Therefore, using pollen germination at critical temperatures as a screening tool will

provide information about tolerance level of genotypes at high temperatures.

In the second experiment, critical temperature for pollen germination was
identified using ten tomato genotypes, Anagha, Manuprabha, Vellayani Vijay, Akshaya,
Arka Saurabh, Nandi, [IHR 26372, Pusa Rohini, Arka Rakshak and Arka Vikas. Results
showed that as the temperature increased beyond the optimal 32°C, pollen germination
percentage reduced markedly. After 36° C the pollen germination percentage decreased
below 20 % in all the genotypes except Manuprabha, Arka Saurabh, and Arka Vikas in
which the percentage germination reduced below 20 after 34° C itself. Hence, 36°C was
identified as a critical temperature for pollen germination. Based on pollen germination
at critical temperature, Anagha was selected as the tolerant genotype, and Arka Saurabh
with the least pollen germination was the susceptible one. It was reported that
germinated pollens were reduced 13 times when the temperature enhanced

progressively from optimum (Pressman et al., 2002).

Earlier studies also utilized an in vitro pollen germination assay to screen
genotypes for high-temperature tolerance. In rice, Jagadish ef al. (2008) highlighted
significant genotypic differences in critical temperature for pollen germination, with
some genotypes exhibiting germination at temperatures as high as 40°C, while others

failed to germinate at temperatures above 35°C. Marine ef al. (2017) conducted a
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similar study and categorized various tomato genotypes as either tolerant or susceptible
based on pollen viability. A parallel investigation in soybean validated the use of in vivo
pollen germination study to identify genotypic tolerance to high temperatures. In this
study by Salem et al. (2007), soybean genotypes were classified as tolerant,

intermediate, or susceptible based on their pollen germination at different temperatures.

5.3 EFFECT OF SELECTIVE FERTILIZATION ON PHYSIOLOGICAL AND
BIOMETRICAL PARAMETERS OF NORMAL AND RECIPROCAL CROSSED
HYBRIDS UNDER HIGH TEMPERATURE

Selective fertilization is an innovative method to develop hybrids by imposing a
selection pressure like temperature on pollen during germination. Only the pollen
tolerant to these pressures will germinate and fertilize the ovule, potentially resulting in
progeny that are also tolerant to the selection pressure. Results from the third
experiment indicated that the selective fertilization technique had a positive impact on
physiological and yield attributes, including increased photosynthetic efficiency,
relative water content (RWC), scavenging systems for reactive oxygen species (ROS),
and tolerance to high temperatures. Peet et al. (1997) validated that in hand-pollinated
tomato, relative seediness, fruit set percentage, and total number and weight of fruit per
plant decreased linearly as mean daily temperature rose from 25 to 29 °C, even though
pollen developed at low temperatures (26/22 °C). However selective fertilization of
pollen grains increased the fruit weight, fruit setting percentage and pollen viability
even though the mean daily temperature was very high (40/24 °C). Bhandari et al.
(2017) also suggested that heterosis breeding can be used to improve the thermostability

1n tomato.

Ravikumar et al. (2003) provides evidence that selective fertilization using poly
ethylene glycol (PEG) can improve moisture stress tolerance in sorghum progeny,
indicating that a similar approach might affect pollen viability under heat stress.
Additionally, Hazra et al. (2009) suggests that both additive and dominance genetic
variance are important for traits such as pollen viability, and that non-additive genetic
systems play a significant role in the expression of characters influencing heat tolerance
(Hazra et al., 2009). Contradictory or interesting facts emerge when considering that

while selective fertilization has been shown to be effective in some cases, the overall
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impact on pollen viability under heat stress may vary depending on the specific
genotypes involved and the environmental conditions. For instance, Schoper et al.
(1987) indicates that genotypic variability significantly affects pollen viability under
heat stress, with some genotypes showing more desirable combining abilities than
others. This suggests that the success of selective fertilization might be contingent upon

the genetic makeup of the hybrids.

When Sato et al. (2006) compared reciprocal and normal tomato hybrids, they
discovered that, reciprocal hybrids might display differential responses to high
temperatures due to the interaction between the parental genetic backgrounds. Some
reciprocal hybrids may show improved resilience to heat stress compared to normal
hybrids, while others may not, depending on the specific genetic combinations. Normal
tomato hybrids might show varying levels of sensitivity to heat stress, with some
exhibiting moderate improvements in flower and cluster formation due to inherent
hybrid vigour. However, their performance under heat stress is still limited compared
to tolerant varieties (Sato et al., 2006). The adaptability of agricultural systems to
climate change can be improved by applying these strategies to additional crops,

guaranteeing steady yields and food security in the face of rising global temperatures.

Genotypes having selectively fertilized exhibited an increased count of flowers
and no. of clusters in comparison to their other counterparts even though the highest
number were not observed in the selectively fertilized ones in both cases. In this
experiment also the crosses having tolerant genotype as male parent showed better
performance than the susceptible as male (reciprocal cross) with some exceptions,
where reciprocal crosses showed better performance. Similar increased flower number
in reciprocal crosses were seen in peppers, where the hybrid plants had differing
responses to heat stress due to particular genetic interactions between the parental lines,
reciprocal crosses showed improved heat tolerance and retain higher flower and cluster
formation (Peet ef al., 2002). The number of flowers had the largest and lowest mean
values in typical normal crossed reciprocal crosses (susceptible genotype as male
parent) of tolerant and susceptible types, compared to selectively fertilized crosses in
the study. The impact of heat stress on the number of flowers per cluster is somewhat

debated as there have been reports of decreased flower numbers (Hanna, 1982; Adams
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et al., 2001; Xu et al., 2017), no observed change (Peet ef al., 1998; Sato et al., 2006),

and even an increase (Sherzod et al., 2020) in flower number under heat stress.

The number of fruits were high in selectively fertilized crosses compared to
normal crosses in both reciprocal and usual crosses in the present study. These
observations align with the findings of Faruq et al. (2012), who reported diminished
fruit and flower production in heat-susceptible cultivars under elevated temperatures,
as in both cases in this experiment the selectively fertilized showed better performance
than the normal crossed ones. Similarly, research by Abdelmageed and Gruda (2009)
documented disparities in fruit and flower quantities, fruit fresh weight, and fruit set
between heat-resistant and heat-susceptible tomato varieties, evident in both field and
glasshouse environments. Dane et al. (1991) also find that genotypes with abundant
flowers displayed increased resilience to temperature stress. c. Alasmir et al. (2021)
found that heat stress had a significant impact on flower abortion, resulting in an 80%
abscission rate and a subsequent decrease in fruit set. Additionally, exposure of tomato
plants to moderately high constant stress (34°C/19°C, day/night) led to a 34% flower
abscission and a 71% reduction in fruit set (Hazra ef al., 2009). Fruit set is determined
by the ratio of fruits to flowers and can be significantly influenced by either a decrease
(Xu et al., 2017) or an increase in the number of flowers (Sherzod et al., 2020). Thus,
the changes in flower numbers in high-stress environments inevitably affect fruit set,
impacting the correlation between fruit set and other characteristics, resulting in a
weaker correlation with fruit yield compared to fruit number (Sherzod et al., 2020).
Therefore, breeders working on tomato genotypes with increased flower numbers per
cluster under high stress should prioritize fruit number per cluster over fruit set to
directly select for heat tolerance. This observation aligns with our study, which
demonstrates higher flower numbers in normal hybrids compared to selectively

fertilized hybrids, while the number of fruits shows the opposite trend.

In this study the number of days taken by the selectively fertilized and normal
crosses of tolerant and susceptible (tolerant genotype as male parent) were less than
the reciprocal crosses (susceptible genotype as male parent) for first flowering. The
greater photosynthetic efficiency and reduced oxidative damage in heat-tolerant

genotypes, traits potentially facilitating sustained reproductive development under high
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temperatures (Hasanuzzaman et al., 2013). Similarly, high temperatures have been
observed to alter flowering characteristics and grain-setting rates in rice hybrids, with
some showing adaptability through changes in flowering duration and timing (Tao et
al., 2008). The study on tomato hybrids indicate that fertilization treatments can
influence flowering and fruit set under high temperatures (Moustafa et al., 2019),

although it does not specifically address the time to first flowering.

The presence of exerted stigma in tomato flowers presents a significant
challenge in high-temperature conditions, resulting in reduced self-pollination due to
the failure of pollen grains to adhere to the stigma. Tolerant genotypes exhibit a lower
prevalence of flowers with exerted stigma, thereby positively impacting fruit setting
percentages. The protrusion of the stigma beyond the anther cone during the
reproductive stage serves as a distinct indicator of high-temperature stress in tomato
plants, potentially impeding self-pollination (Faruq et al., 2012). In this study, the
selectively crossed genotypes of tolerant and susceptible genotype (tolerant genotype
as male parent) showed least stigma exertion percentage under high-temperature
conditions than the other crosses. Yadav et al. (2014) reported that under high
temperature conditions (27/37°C), the susceptible genotype Pusa Rohini exhibited
100% stigma exertion, while the tolerant genotype Pusa Sadabahar showed 75% stigma
exertion. This suggests that heat-tolerant genotypes may maintain lower stigma exertion
under stress, potentially as a protective response. Additionally, it has been observed that
genotypes that produce flowers without exerted stigma at elevated temperatures exhibit
stability and yield higher fruit quantities (Saeed et al., 2007). HT stress during anthesis
triggered stigma exertion in tomato hybrids, consistent with previous reports (Dane et
al., 1991; Lohar and Peat, 1998; Saeed et al., 2007; Kartikeya et al., 2012). In one of
the initial investigations into heat stress response in tomato also found that heat-
susceptible cultivars exhibited more prominent bud abscission and style exertion,
leading to decreased fruit set under heat stress (Levy et al, 1978). Subsequent
observations indicated that style exertion in various tomato genotypes varied between
25 to 55% under high-temperature conditions (Saeed et al., 2007). More recent studies
established a correlation between bud abscission and style exertion with reduced fruit

set under field conditions as well (Kugblenu et al., 2013; Singh et al., 2015).
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The elongation of the style in numerous flowers restricts pollen access to the
stigma in heat-sensitive genotypes, consequently diminishing fertilization prospects
(Alsamir et al., 2017). Overall in the experiment, the SF crosses of both T x S (tolerant
genotype as male parent) and S x T (susceptible genotype as male parent) showed less
stigma exertion than its normal crosses. Notably, stigma exertion exceeding 1mm has
been linked to diminished fruit yield in tomato plants (Rudich et al., 1977). Ahmadi and
Stevens (1978) also emphasized the significant role of stigma exertion in high-
temperature field conditions, suggested that since genetic variance for this trait is
mostly additive, selecting for low stigma position could be a quick and effective

approach.

At elevated temperatures, a range of physiological and biochemical processes
undergo changes. These physiological parameters serve as indicators of a tomato plant's
ability to withstand heat. Differences in the performance of physiological processes
under Heat stress can be used to select appropriate genotypes for high-temperature
conditions. Elevated temperatures can have negative impacts on photosynthesis,
respiration, water regulation, and membrane stability. Furthermore, they can influence
the levels of hormones and various metabolites in plants (Wahid et al., 2007).
Hemantaranjan et al. (2014) also stated that heat stress will constrain photosynthesis,
water balance, and cell membrane stability, while disrupting plant metabolism.
Research indicates that factors like photosynthetic efficiency, water use efficiency
(WUE), and the accumulation of osmoprotectants and antioxidants are crucial for
determining a plant's ability to endure heat stress (Hasanuzzaman ef al., 2013, Panthee
& Gotame, 2020). It is essential to thoroughly comprehend how plants respond
physiologically to high temperatures, understand the mechanisms of heat tolerance, and

explore potential strategies for enhancing crop thermotolerance (Wahid et al., 2007).

When plants experience heat stress, one of the most crucial biochemical aspects
affected is photosynthesis. The photosynthetic rate serves as an important indicator of
plant health, and increased photosynthetic rate under heat stress reflects the plants'
robust and resistant nature. In our current experiment, we observed the highest
photosynthetic rate in selectively fertilized plants under heat stress compared to normal

plants. Furthermore, among the selectively fertilized crosses, those with a tolerant
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genotype as the male parent exhibited a higher photosynthetic rate than those with a
susceptible genotype as the male parent. Wahid et al. (2007) also emphasized the
significance of photosynthesis as a potential physiological indicator at high
temperatures. In tomato, high-temperature-resistant varieties demonstrated the ability
to maintain an enhanced chlorophyll a: b ratio, indicating the link between these
alterations and thermotolerance (Camejo et al., 2005). Improvements in photosynthetic
aspects under heat stress are valuable indicators of thermotolerance, while any
restrictions in photosynthesis can impede plant growth at high temperatures (Wise et
al., 2004). The heat-tolerant genotypes display greater photosynthetic efficiency and
reduced oxidative damage under high temperatures, potentially enabling sustained
reproductive development (Hasanuzzaman et al. 2013). High temperatures have a
greater impact on the photosynthetic capacity of Cz plants compared to C4 plants. Under
high temperatures, energy distribution, reduced carbon metabolism activities,
particularly rubisco, interruption of electron transport, and PSII inactivation have been
reported (Salvucci and Crafts-Brandner, 2004). The impact of Heat stress includes
reducing leaf expansion, impairing the normal functioning of the photosynthetic
apparatus, and ultimately promoting leaf senescence (Xu et al., 2017). Yuan et al.
(2017) also highlighted differences in heat tolerance between two genotypes of
nonheading chinese cabbage, with the heat-tolerant genotype maintaining a higher
photosynthetic capacity under stress. In tomato plants, under DAHS (45°C, 2 h)
compared to CK (25/20-C, day/night), Pn, the CO2 assimilation rate, and PSII (Fv/Fm)
were reduced in heat-susceptible cultivars (Camejo et al., 2005). Rivero et al. (2021)
also studied in tomato plants, and observed that genotypes tolerant to high temperatures
maintain higher photosynthetic rates under heat stress compared to susceptible
genotypes. They also stated that this difference is particularly pronounced during the
first month after transplanting and around 60 days after transplanting (DAT), where
tolerant genotypes exhibit superior photosynthetic performance under elevated

temperatures.

Relative water content (RWC) is a critical physiological parameter indicating the
water status of plants under stress conditions. Relative water content decreased in

tomato under high temperatures and the selectively fertilized plants showed more water
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content than the normal crosses. Among the crosses in this experiment significantly
highest mean value was recorded in the reciprocal crossed selective fertilized hybrids
i.e. the crosses which had susceptible genotype as male parent. Notably, under changing
environmental conditions, water content is an imperative parameter (Mazorra et al.,
2002). Morale et al. (2003) also indicated that heat stress in tomato disrupts the
hydraulic conductivity of roots and leaf water relationships. The observed increase in
water content under heat stress indicates enhanced tolerance. In vitro gamete selection
for heat-stress tolerance in maize resulted in progenies with higher RWC and reduced
sensitivity to heat stress (Petolino et al., 1990). Studies have shown that under high
temperature conditions, tolerant genotypes generally maintain higher RWC compared
to susceptible genotypes. In rice, tolerant genotypes exhibited a lesser decrease in RWC
in response to low temperature stress, which is indicative of their ability to retain water
under stress conditions (Ghosh et al., 2016). Similarly, wheat genotypes that are tolerant
to temperature stress maintained higher RWC and lower levels of oxidative damage
when sown late in the season, which exposes them to higher temperatures (Sairam et
al., 2000). In soybean, drought-tolerant genotypes showed less reduction in RWC
compared to susceptible genotypes under water stress, which often coincides with high
temperature (Mondol et al., 2018). Another study on tomato genotypes under controlled
high temperature revealed significant variability in RWC among genotypes, with the

most heat-tolerant genotypes maintaining higher RWC (Shaheen et al., 2015).

Membrane integrity has long been utilized as an indirect measure to assess
thermotolerance in tomato (Chen et al., 1982). Enhanced heat stress can compromise
membrane stability, leading to increased electrolyte leakage. In case of % leakage, it
was observed that normal hybrids having tolerant genotype as male parent had less
leakage than its SF crosses. But among the whole 36 crosses the selectively fertilized
crosses of hybrids having susceptible genotype as male parent showed better
performance than the other crosses. The measurement of ion or electrolyte leakage can
serve as a reliable indirect indicator for heat tolerance and may be a suitable trait for
selection purposes. In the case of tomato plants, various tomato genotypes displayed
differing levels of ion leakage, which notably decreased when subjected to heat stress

(Xuetal., 2017). Heat-tolerant genotypes exhibited lower electrolyte leakage compared
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to susceptible ones in tomato plants (Camejo et al., 2005; Rajametov et al., 2021). A
study involving 13 tomato cultivars observed relatively strong correlation between ion
leakage and fruit set or pollen viability, although these were not statistically significant
(Xu et al., 2017). Furthermore, an experiment utilizing a larger sample size of 43
cultivars revealed a significantly negative correlation between electrolyte leakage and
fruit yield (Bhattarai et al., 2021). Liu and Huang (2000) reported that the generation
of active oxygen species (AOS), such as singlet oxygen (1 O2), superoxide radical
(O2-), hydrogen peroxide (H202), and hydroxyl radical (OH—), are indicative of

cellular injury due to high temperatures.

The increased production of reactive oxygen species at high temperatures leads
to enhanced antioxidant activity, such as SOD and ascorbic acid, with tolerant
genotypes exhibiting higher antioxidant activity than susceptible ones. Selectively
fertilized genotypes exhibit a high ROS scavenging mechanism i.e., high ascorbic acid
and SOD activity compared to normal hybrids. The ability to maintain higher levels of
ascorbic acid and SOD activity under stress conditions is indicative of a genotype's
tolerance to high temperature (Goyal & Asthir, 2009; Sairam ef al., 2000). Scandalios
(1993) noted that the overexpression of SOD in plants is linked to various physiological
processes, including the removal of H,0», oxidation of toxic reductants, biosynthesis
and degradation of lignin in cell walls, auxin catabolism, and defensive responses.
Goyal & Asthir (2009), observed same in wheat genotypes, SOD activity increased in
response to high temperature stress across all genotypes, with temperature-tolerant
genotypes such as C306 and C273 showing higher activities of SOD and other
antioxidant enzymes, indicating a robust defense mechanism against oxidative stress.
Genetic factors are known to play a significant role in the ascorbic acid content of
plants, with different varieties showing large differences in vitamin C levels (Platenius,
1945). Additionally, high temperatures have been observed to affect the rate at which
ascorbic acid accumulates in plants, with an inverse relationship reported at moderate

temperatures (Platenius, 1945).

Pollen viability under high temperature conditions is a critical factor for crop
fertility and yield, particularly in tomato (Lycopersicon esculentum Mill.) genotypes.

Heat-tolerant genotypes exhibit a remarkable ability to maintain pollen viability and
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fruit set under high temperature stress, as opposed to heat-sensitive genotypes which
show a significant reduction in these traits (Abdul-Baki & Stommel, 1995; Dane et al.,
1991). In the experiment also crosses having tolerant genotype as male parent showed
high pollen viability compared to its reciprocal crosses (susceptible genotype as male
parent). A study in rice also shows the same results, in which the heat-tolerant lines
exhibited only slight reductions in anther dehiscence, pollen viability, and germination,
whereas susceptible lines showed severe effects on these parameters, leading to
decreased seed set (Malumpong et al., 2019). Similarly, in wheat, genotypes with high
pollen viability under heat stress were identified, and these can serve as genetic
resources for breeding heat-tolerant cultivars (Khan et al., 2022). Studies showed that,
heat-tolerant tomato genotypes maintained fruit set and pollen viability even under high
temperature regimes, unlike their heat-sensitive counterparts (Abdul-Baki & Stommel,
1995). Additionally, genetic studies have indicated that pollen viability is a trait with
moderate to high heritability, controlled by additive genetic effects, and can be
improved through selection (Razaq et al., 2017).

The anatomy of anthers in tomato genotypes under high temperature stress
varies between heat-tolerant and heat-sensitive genotypes. Heat-tolerant genotypes
maintain anther and pollen characteristics closer to those under optimal temperature
conditions, while heat-sensitive genotypes exhibit morphological changes and reduced
pollen viability when exposed to high temperatures (Porch & Jahn, 2001). Specifically,
heat-tolerant genotypes show less disruption in pollen development and maintain the
carbohydrate content of developing and mature pollen grains, which is crucial for pollen
quality (Firon et al., 2006). Interestingly, despite the general resilience of heat-tolerant
genotypes, high temperature stress still causes some reduction in pollen release and
germination in both tolerant and susceptible cultivars, although the impact is more
pronounced in the susceptible ones (Sato & Peet, 2005). In the experiment, the number
of pollen grains was higher in selectively fertilized genotypes compared to normal
hybrids. The anther walls and pollen grains were also more developed in selectively
fertilized genotypes compared to normal hybrids. Anatomically, pollen sacs in normal
hybrids showed deformation and clumping, while in selectively fertilized genotypes,

the pollen sacs were well formed, allowing ample space for pollen grains. According to
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Barboza et al. (2016), the pollen shape in the Solanaceae family is commonly
subspheroidal, ranging from suboblate to subprolate, with only a few genera having
oblate or prolate grains. SEM micrographs showed that the tomato pollen exhibits
feature of a typical dicot pollen grain, with a prolate spheroid shape, containing three
radially equidistant elongated apertures. The pollen grains were high in number and
well developed in selectively fertilized cross. But in normal hybrid, the deformation of
pollen was observed. It was distorted and equidistant apertures were absent. Perveen
and Qaiser (2007) reported that Solanaceae is a diverse family with pollen grains that
are usually radially symmetrical, isopolar spheroidal or suboblate to subprolate,
tricolporate, and mostly scabrate tectum. Male sterility induced by high temperature
seems to be associated with several morphological alterations of sporophytic anther
tissues such as tapetum, epidermis, endothecium, and stomium (Sato et al., 2002;
Oshino et al.,, 2007). Giorni et al. (2013) corroborate the presence of remarkable
alterations in sporophytic and gametophytic tissues of tomato after exposure to 3 days
at 36 °C/26 °C (day/night), with most significant changes typically occurring in the

tapetum layer, but also in mature microspores that show alterations in vacuolization.

In this experiment, selectively fertilized crosses resulted in a higher yield than
normal crosses, as the number of fruits per cluster were higher in selectively fertilized
plants. Selective fertilization may enhance the performance of hybrids by favoring the
transmission of alleles conferring stress tolerance, which is critical for maintaining
yields under adverse conditions (Ravikumar et al., 2003; Hazra et al., 2009; Kamara et
al., 2021; Khan et al., 2022). Reciprocal hybrids in wheat exhibit variable responses to
heat stress, with some hybrids showing better spike and grain development due to
favorable genetic interactions. These hybrids can sometimes outperform normal
hybrids in terms of maintaining yield stability under high temperatures (Liu et al.,
2009). Tolerant genotypes tend to maintain higher yields compared to susceptible ones
under such stress (Abdul-Baki & Stommel, 1995). In the study by Dane et al. (1991),
it was also noted that heat-sensitive genotypes experienced a reduction in fruit set
during periods of high-temperature stress. Peet et al. (1998) similarly observed that the
decline in overall yield is primarily due to a decrease in the quantity of fruits rather than

a decrease in individual fruit weight. The adverse effects of Heat stress on tomato plants
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include a negative impact on both vegetative growth and reproductive development,
leading to decreased yield and fruit quality. Amit ef al. (2017) found that average daily
temperatures exceeding 29 °C result in a reduction in the quantity of fruits, fruit weight
per plant, and seed number per fruit in tomato compared to those experiencing
temperatures at 25 °C. In rice, heat-tolerant genotypes like Rasi and N22 maintained
higher yields under high temperature stress, while susceptible genotypes like IR36
showed severe yield reduction (Veronica et al., 2019). Similarly, in wheat, heat-tolerant
genotypes exhibited less reduction in yield-related parameters and higher heat tolerance
indices after treatment with sulthydryl compounds (Agarwal et al., 2017).
Contradictions arise in the response of different genotypes to high temperature stress
also there. Certain barley genotypes that were tolerant in vitro also performed better in
the field under late sown Heat stress conditions (Bhagat et al., 2024) but in contrast,
some Cyclamen genotypes that were classified as heat-tolerant showed susceptibility
under Heat stress even with GA3 hormone treatment (Cornea-Cipcigan et al., 2022).
These discrepancies highlight the complexity of heat tolerance mechanisms and the
influence of environmental conditions on genotype performance. In the study also some
of the normal crosses and reciprocal crosses showed better performance than the
selectively fertilized tolerant x susceptible genotypes (tolerant as male parent). In
summary, while high temperature stress generally leads to a decrease in crop yield,
genotypes with heat tolerance exhibit a relatively smaller decline in yield compared to

susceptible genotypes.

The phenotypic correlation coefficient was compared to know the nature
and magnitude of the relationship existing between yield and its component traits as
well as the association among the component traits themselves. Yield had a
significant positive correlation with pollen viability as observed in the study by
Vijayakumar ef al. (2021) and non-significant positive correlations with number of
fruits per cluster (Raijadhav ef al., 1996). The trait number of flowers per cluster and
number of flowers with exerted stigma has non-significant negative correlation with
yield at the phenotypic level. The same was reported by Ramana et al. (2007) for
number of flowers per cluster. This indicates the inverse relationship between per cent

fruit set and number of flowers per cluster. Similar results were reported by Sharma and
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Krishanswaroop (2000) in brinjal. In this field experiment, strong correlation of pollen
viability with yield was observed under heat stress condition. Previous study also
confirms that pollen viability can be used as a potential trait to screen genotypes for

heat stress tolerance as it is positively correlated with yield (Masthigowda et al., 2022).

The selectively fertilized cross of susceptible and tolerant parents resulted in
more fruits per cluster, fruit weight, and yield, demonstrating hybrid vigor in crossed
varieties under high temperature conditions. Correlation studies revealed that yield can
be improved by selecting genotypes for better growth, more number of fruits per cluster
and pollen viability and less number of flowers and also less stigma exertion. Savale et
al. (2017) reported that heterosis breeding in tomato would increase fruit weight,
number of clusters per plant, and number of fruits per plant. This experiment, however,
goes a step further, showing that selective fertilization can significantly improve
thermotolerance and yield in tomato under high temperatures. This finding underscores
the practical potential of selective fertilization as a technique for imparting high-
temperature tolerance in tomato, a key takeaway for breeders and agricultural

professionals.
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SUMMARY



6. SUMMARY

The present programme ‘“Physiological and molecular basis of selective
fertilization for high temperature stress tolerance in tomato (Solanum lycopersicum L.)”

was conducted in three experiments and the salient findings are given below.

In the first experiment first generation (F1) hybrid seeds of selectively fertilized
Anagha x Manuprabha were acquired from crosses conducted previously in the lab
(Ammu, 2019) between two tomato varieties Anagha and Manuprabha. Subsequent
generations up to F4 were produced through selective fertilization, with individual plant
selections based on their performance in pollen germination %, relative water content,
membrane integrity, stomatal conductance, chlorophyll stability index, chlorophyll
content, and photosynthetic rate. Molecular analysis using SSR markers was also
conducted for selection purposes. Throughout all generations, 14 lines were maintained,
and the two best lines were chosen for the next generation. Despite the F» generation
not showing significant differences based on phenotyping and genotyping data, the T3
and T10 lines exhibited relatively better performance compared to other lines.
Consequently, both T10 and T3 lines were chosen for the development of the F;
generation. From the F3 generation, T6 and T8 were selected for the development of the
F4 generation. Based on phenotyping and genotyping data, the best lines in the F4
generation were T4 and T6. The overall performance of the F4 generation was superior
to that of the F3 and F» generations. The germination percentage did not differ
significantly among the F,, F3, and F4 lines, although there was an increase in
germination percentage from the F» to the F4 generation. Furthermore, fruit setting
percentage followed the order of F4, F3, and F> when plants were selectively fertilized.
It was observed that the plants improved through selfing in each generation. In
conclusion, the successful advancement of temperature-tolerant selectively fertilized
hybrids to the F4 generation requires meticulous selection and breeding strategies that

take into consideration the intricate genetics of heat tolerance

In the second experiment critical temperature was standardized by using ten
tomato genotypes, Anagha, Manuprabha, Vellayani Vijay, Akshaya, Arka Saurabh,
Nandi, ITHR 26372, Pusa Rohini, Arka Rakshak and Arka Vikas. 36°C was identified

as critical temperature for pollen selection where 20% pollen germination was
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observed. Beyond critical temperature, pollen germination percentage decreased below
20 % except in Manuprabha, Arka Saurabh, and Arka Vikas in which the percentage
germination reduced below 20 after 34° C itself. Anagha with high pollen germination
percentage at this critical temperature was selected as tolerant variety and the variety
Arka Saurabh with least pollen germination was selected as susceptible variety. Along
with these two varieties two more tolerant and susceptible genotypes were selected for

next experiment.

In the third experiment based on the critical sterility temperature and pollen
germination percentage, the three tolerant varieties Anagha, Vellayani Vijay and IIHR
26372 and three susceptible varieties Pusa Rohini, Manuprabha and Arka Saurabh were
used to study the effect of selective fertilization in tomato under high temperature. The
incubated pollen at critical temperature from the male parent (tolerant genotype) was
used to pollinate the emasculated flowers of female parent (susceptible genotype) for
selective fertilization. Normal cross without pollen selection was also done between the
tolerant and susceptible genotype. The reciprocal cross (with and without pollen
selection) were also done within the tolerant and susceptible genotype to study the
effect of male parent (i.e. the pollen grain) in temperature tolerance. The 30 days old
seedlings of the above crosses were transplanted and exposed to high temperature

condition viz. ambient temp.+3°C (Rainout shelter).

Physiological, biometrical and yield parameters were studied in all the crosses
under this condition. Biometrical parameters include floral characters like number of
clusters, number of flowers and days to first flowering were observed in all crosses.
Except in the days to first flowering, the floral characters were recorded highest in the
reciprocal crosses compared to its opposite cross. In case of number of clusters, both
normal and selectively fertilized crosses of S x T (susceptible genotype as male parent)
showed significantly higher number of clusters per plant than the tolerant x susceptible
crosses (tolerant genotype as male parent) while in case of number of flowers per
cluster normal crossed reciprocal crosses (susceptible genotype as male parent) of
tolerant and susceptible varieties showed better performance than the selectively

fertilized crosses. The normal and selectively fertilized crosses of TxS (tolerant
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genotype as male parent) flowered comparatively earlier than the reciprocal crossed

(S x T) (susceptible genotype as male parent) ones.

Floral characters like number of flowers with exerted stigma and the stigma
exertion length recorded lowest in selectively fertilized plants compared to normal
plants and the number of flowers with exerted stigma were less in the selectively
crossed genotypes of tolerant and susceptible genotype (tolerant genotype as male
parent) compared to its reciprocal crosses (susceptible genotype as male parent). In
case of length of stigma exertion overall the SF crosses of both T x S (tolerant genotype
as male parent) and S x T (susceptible genotype as male parent) showed less stigma

exertion than its normal crosses.

Physiological parameters like photosynthetic rate, relative water content and
ascorbic acid (Vit C) content were observed and all the parameters except ascorbic acid
content were recorded highest in selectively fertilized crosses compared to their normal
crosses. The photosynthetic rate was recorded highest in the selectively fertilized
crosses having tolerant genotype as the male parent than others. In case of relative water
content, the significantly highest mean value was recorded in the reciprocal crossed
selective fertilized hybrids i.e., the crosses which had susceptible genotype as male
parent. Ascorbate content in leaves were highest in normal crosses compared to the

selectively fertilized crosses.

The temperature tolerance characters like membrane integrity (% leakage) and
SOD activity were recorded. The percentage leakage showed different responses in
normal and reciprocal crosses. The normal hybrids having tolerant genotype as male
parent had less leakage than its SF crosses, but contradictory it was opposite in case of
its reciprocal crosses (i.e. the hybrids having susceptible genotype as male parent), in
which the SF hybrids shows less % leakage than the normal hybrids. But overall, the
selectively fertilized crosses of hybrids having susceptible genotype as male parent
showed better performance than the other crosses. In case of SOD activity, the
exceptional cases of normal hybrids having more sod activity than the SF hybrids also
observed, but the overall mean performance was always high in selectively fertilized

ones.
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The yield characters like number of fruits per cluster and yield were high in
selectively fertilized crosses than the normal crosses except pollen viability. In case of
pollen viability, the normal crosses showed slightly higher pollen viability than the SF
ones but the SF crosses having tolerant genotype as male parent showed better
performance with high pollen viability. The pollen viability of SF hybrids of reciprocal
crosses (susceptible genotype as male parent) drastically reduced under high
temperature condition compared to other crosses with an exception of PR x VV, in
which its SF cross showed more pollen viability than the normal cross. Majority of the
selectively fertilized crosses recorded higher number of fruits/cluster under high
temperature regime than the normal crossed ones. Yield was recorded high in
selectively fertilized crosses compared to normal crosses. All the parameters with some
exceptions were significantly affected by temperature stress conditions in normal
crossed plants compared to selectively fertilized ones. Selectively fertilized plants,
recorded improved stress tolerance, which led to better performance under high

temperature stress.

The study's findings suggest that selective breeding has the potential to improve
temperature tolerance in crops, but the results may differ based on the specific genetic
and environmental factors involved. This breeding method not only enhanced the
plants' ability to withstand stress, but it also had positive effects on yield parameters.
Furthermore, it was observed that selectively fertilizing the cross between a tolerant
and susceptible genotype, with the tolerant genotype as the male parent, resulted in
greater hybrid vigour and improved tolerance to high temperatures compared to normal
crosses and reciprocal crosses. In order to achieve success, it is crucial to utilize
advanced breeding techniques and gain a deep understanding of the physiological and
molecular mechanisms that contribute to heat tolerance. Integrating these approaches
can ultimately lead to the development of crop varieties that are better equipped to

handle the challenges posed by rising temperatures.
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ABSTRACT

The study entitled “Physiological and molecular basis of selective fertilization for
high temperature stress tolerance in tomato (Solanum lycopersicum L.)”, was undertaken
with the objective to screen the critical temperature for pollen germination of tomato
genotypes and to evaluate the thermotolerance of selectively fertilized tomato hybrids
through physiological and molecular techniques. The experiments were conducted using
the Open field & Rainout shelter (ROS) facility at the Department of Plant Physiology,
College of Agriculture, Vellayani during 2019-2024.

The first experiment was devised to advance the selectively fertilized hybrid of
Anagha and Manuprabha by the method of selective selfing by pollen selection up to F4 to
stabilize the thermotolerance. Pollen germination %, photosynthetic rate, RWC, percentage
leakage, chlorophyll content, CSI and stomatal conductance were observed in all
generations. In F2 generation, T3 and T10 line showed comparatively better performance
than the other lines on the basis of phenotypic evaluation and the molecular markers
SSR136 and SSR630 were also present in these lines. The seeds from T3 and T10 line
selected for next generation and F3 was developed. In F3 generation, T6 and T8 line were
selected for next generation i.e., F4 and the molecular markers SSR134 and SSR630 were

present in these lines. In F4 generation, T4 and T6 were the best lines.

The second experiment was designed as a confirmation study of the selective
fertilization technique in which ten popular varieties of tomato namely Anagha, Vellayani
Vijay, Manuprabha, Nandi, Arka Saurabh, Arka Rakshak, Pusa Rohini, IIHR 26372, Arka
Vikas and Akshaya were used for the identification of critical temperature for pollen
germination. Mature pollen grains from the fully opened flowers were collected and
incubated at different temperatures (32°C to 40°C) for two hours in the pollen germination
media. The temperature of 36°C identified as the critical temperature for pollen
germination and Anagha showed high pollen germination percentage (25.88 %) and Arka

Saurabh showed least pollen germination percentage (16.34 %) at this critical temperature.



In the third experiment, based on the critical sterility temperature six varieties were
selected for pollen selection and selective fertilization. The variety Anagha, Vellayani
Vijay and IIHR26372 with highest critical temperature for pollen germination percentage
were selected as tolerant genotypes and the variety Manuprabha, Arka Saurabh and Pusa
Rohini with low critical temperature were selected as the susceptible genotype. Selective
fertilization (SF) was done between the six genotypes. Reciprocal cross between the
tolerant and susceptible genotypes was also done by selective fertilization as well as normal
cross for comparison. Growth performance of the selectively fertilized tomato plants was

evaluated in ROS. The experiment was laid out in CRD with three replications.

Floral characters (number of clusters and number of flowers per cluster) were noted
significantly high in crosses with susceptible genotype as male parent. Among the crosses,
T23 recorded the highest no. of clusters (18) and number of flowers per cluster (10). The
flower characters like percentage of flowers with exerted stigma and length of stigma
exertion were found high under high temperature but the selectively fertilized crosses
recorded less value than the normal crosses. T16 (20.63%) showed lesser stigma exertion.
The length of exerted stigma was recorded least in T7 (0.13 mm) which was on par with
T2,T11,T17,T16,T23,T28, T26, T24, T19, T5, T4, T25, T34, T10, T1, T22 and T8. The
no. of days to first flowering after sowing were recorded, T30 took the shortest period (37
days) for flowering, and T36 took the longest (50 days). The Normal and SF crosses with
tolerant as male parent flowered comparatively earlier than its reciprocal crossed ones.

Physiological parameters like photosynthetic rate and relative water content were
observed high in selectively fertilized crosses than the normal crosses under higher
temperature, the crosses of SF plants with tolerant genotype as male parent show
significantly higher photosynthetic rate while it was SF plants with susceptible genotype
as male parent in case of RWC. The photosynthetic rate was recorded higher in T13 (10.73

umol CO2 m2 s1) and the relative water content was recorded highest in T29 (64.09%).

Among the temperature tolerance characters like membrane integrity (% leakage),
SOD activity and pollen viability, % leakage and SOD activity recorded higher in

selectively fertilized plants than the normal plants while the pollen viability recorded high



in normal crosses. The T27 (1.78 %) recorded the least percentage leakage, which was on
par with T35 and T30. The highest value of SOD activity was recorded in T28 (0.35 activity
gl min?) and pollen viability was observed highest in T1 (100 %). Vitamin C content of
leaves were recorded highest in normal crossed hybrid with tolerant as male parent, T9
(413.02 pg gt) showed highest value. The number of fruits/cluster and yield were high in
selectively fertilized crosses than the normal crosses, specifically the SF crosses with
tolerant genotype as male parent. T10 (4.67) recorded highest number of fruits per cluster
which was on par with T16. The yield was very less in ROS condition and the highest value

was also observed in the treatment T10 (226 g plant™?).

In the first experiment, the selfing of plant through SF improves its performance in
each generation. The mean performance of F4 plants were better than F2 and F3. In the
second experiment among the ten varieties of tomato, Anagha was found as the best with
high germination percentage with critical temperature 36° C and Arka saurabh as the
susceptible one with lowest pollen germination percentage. In the third experiment
selective fertilization technique was found to have an advantageous influence on the
physiological and yield attributes as it increased the photosynthetic efficiency and high
temperature stress tolerance mechanism. Among the various cross combinations,
selectively fertilized cross of tolerant and susceptible parent having tolerant genotype as
male parent was found to be the best at high temperature. Hence this study has importance
in improving the high temperature tolerance mechanism in tomato under increasing daily

mean temperature.
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