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Preface 

Crop production is drastically affected due to external or environmental stresses. The 
biotic stresses cause significant yield losses in the range of 31–42% together with 
6–20% loss during the post-harvest stage. The abiotic stresses also aggravate the 
situation with crop damage in the range of 6–20%. Understanding the mechanisms 
of interaction of plants with the biotic stresses caused by insects, bacteria, fungi, 
viruses, and oomycetes, etc., and abiotic stresses due to heat, cold, drought, flooding, 
submergence, salinity, acidity, etc. is critical to develop resilient crop varieties. Global 
warming and climate change are also causing emergence of new diseases and insects 
together with newer biotypes, and physiological races of the causal agents in one 
hand and aggravating the abiotic stress problems with additional extremes and unpre-
dictability. Development of crop varieties resistant and/or adaptive to these stresses 
is highly important. The future mission of crop improvement should, therefore, lay 
emphasis on the development of crop varieties with optimum genome plasticity by 
possessing resistance or tolerance to multiple biotic and abiotic stresses simulta-
neously. A moderate estimation of world population by 2050 is about 9.3 billion 
that would necessitate an increase of crop production by about 70%. On the other 
hand, the additional losses due to climate change and global warming somewhere in 
the range of 10–15% should be minimized. Therefore, increase in the crop yield as 
well as minimization of its loss should be practiced simultaneously focusing both on 
‘adaptation’ and ‘mitigation’. 

Traditional plant breeding practiced in the last century contributed a lot to the 
science of crop genetic improvement. Classical plant breeding methods including 
selection, hybridization, polyploidy and mutation effectively catered to the basic F5 

needs—food, feed, fiber, fuel and furniture. The advent of molecular breeding and 
genetic engineering in the latter part of that century complimented classical breeding 
that addressed the increasing needs of the world. The twenty-first century came with 
a gift to the geneticists and plant breeders with the strategy of genome sequencing 
in Arabidopsis and rice followed by the tools of genomics-aided breeding. More 
recently, another revolutionary technique, genome or gene editing, became available 
for genetic correction of crop genomes! The travel from ‘plant breeding’ based on 
visual or perceivable selection to ‘molecular breeding’ assisted by linked markers to
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viii Preface

‘transgenic breeding’ using genetic transformation with alien genes to ‘genomics-
aided breeding’ facilitated by known gene sequences has now arrived at the age of 
‘genetic rectification’ employing genome or gene editing. 

Knowledge on the advanced genetic and genomic crop improvement strate-
gies including molecular breeding, transgenics, genomic-assisted breeding and the 
recently emerged genome editing for developing resistant, tolerant and/or adaptive 
crop varieties is useful to students, faculties and scientists in the public and private 
universities and organizations. Whole genome sequencing of most of the major crop 
plants followed by genotyping-by-sequencing has facilitated identification of exactly 
the genes conferring resistance, tolerance or adaptability leading to gene discovery, 
allele mining and shuttle breeding which is turn opened up the scope for ‘designing’ 
or ‘tailoring’ crop genomes with resistance/tolerance to biotic and abiotic stresses. 

To my mind, the mission of agriculture in this century is FHNEE security meaning 
food, health, nutrition, energy and environment security. Hence, genome designing 
of crops should focus on breeding of varieties with higher yields and improved quali-
ties of the five basic F5 utilities; nutritional and neutraceutical compounds; and other 
industrially and aesthetically important products, and possibility of multiple utili-
ties. For this purpose of ‘precise’ breeding employment of the genetic and genomic 
techniques individually or in combination as and when required, will play a crucial 
role. 

The chapters of the 12 volumes of this twin book series entitled, “Genomic 
Designing for Biotic Stress Resistant Crops” and “Genomic Designing for Abiotic 
Stress Resistant Crops”, will deliberate on different types of biotic and abiotic stresses 
and their effects on and interaction with crop plants; will enumerate the available 
genetic diversity with regard to biotic or abiotic stress resistance among cultivars; 
illuminate on the potential gene pools for utilization in interspecific gene transfer; will 
brief on the classical genetics of stress resistance and traditional breeding for trans-
ferring them to their cultivated counterparts; will discuss on molecular mapping of 
genes and QTLs underlying stress resistance and their marker-assisted introgression 
into elite crop varieties; will enunciate different emerging genomics-aided techniques 
including genomic selection, allele mining, gene discovery and gene pyramiding for 
developing smart crop varieties with genetic potential to produce F5 of higher quantity 
and quality; and also will elaborate the case studies on genome editing focusing on 
specific genes. Most of these chapters will discuss on the success stories of genetic 
engineering in the relevant crops specifically for generating crops with resistance 
and/or adaptability to diseases, insects and abiotic stresses. 

There are obviously a number of reviews and books on the individual aspects 
of plant molecular breeding, genetic engineering and genomics-aided breeding on 
crops or on agro-economic traits which includes the 100-plus books edited by me. 
However, there is no comprehensive reviews or books available that has coverage 
on crop commodity groups including cereals and millets, oilseeds, pulses, fruits and 
nuts, vegetables and technical or industrial crops, and modern strategies in single 
volumes with precise focuses on biotic and abiotic stresses. The present volumes 
will fill this gap with deliberations on about 120 important crops or their groups.
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This volume on “Genomic Designing for Abiotic Stress Resistant Vegetable 
Crops” includes nine chapters focused on tomato, potato, Capsicums, eggplant, 
vegetable Brassicas, cucurbits, onion and garlic, amaranth and carrot contributed 
by 51 scientists from 6 countries including Greece, India, Italy, Israel, Malaysia and 
UK. I remain immensely thankful for their highly useful contributions. 

I am indebted to my wife Phullara who as always has assisted me directly in 
editing these books and indirectly through maintaining an academic ambience to 
pursue my efforts for science and society pleasantly and peacefully. 

New Delhi, India Chittaranjan Kole
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Chapter 1 
Physiological, Molecular and Genetic 
Analysis of Abiotic Stress Tolerance 
in Tomato 

R. H. Laxman, K. V. Ravishankar, H. C. Prasanna, K. V. Ramesh, 
K. Rashmi, S. Kannan, K. Hara Gopal, and S. S. Darshan 

Abstract Tomato (Solanum lycopersicum L.) being most widely consumed 
vegetable is grown under diverse climatic conditions. It is exposed to episodes of 
abiotic stresses at critical stages and the potential yields are seldom realized. Abiotic 
stresses namely, high temperature, cold, drought, excess and low light, nutrient defi-
ciency and toxicity and salinity limit production. Climate change is expected to 
further increase the incidence of various abioitic stresses. Under the circumstances 
it is rational to assess the adverse effects and devise means to overcome ill effects of 
diverse abiotic stresses on tomato. Tomato improvement efforts for desirable traits 
like yield and keeping quality have offered results. Evaluation of various tomato 
germplasm under different abiotic stresses has provided better insights into the exis-
tence of diversity in both cultivated and wild relatives. Though, substantial improve-
ments have been made in understanding the abiotic stress tolerance mechanisms and 
gene discovery, the knowledge has not been exploited extent possible for develop-
ment of tolerant commercial cultivars. Employing bioinformatics and molecular tech-
niques there is remarkable opportunity for addressing complex breeding problems. 
Recent molecular tools have greatly helped the scientific community in assessing 
tomato germplasm for abiotic stress tolerance. Various physiological and biochem-
ical analysis have been employed to understand the mechanisms operating during 
different abiotic stress tolerance. Using contrasting genotypes, many mapping and 
genetic studies have been conducted to identify genomic regions linked to abiotic 
stress tolerance. From these studies, various quantitative trait loci (QTLs) and genes 
have been identified. The markers could be valuable in improvement programs and 
for introgression of genes and QTLs from wild type species to Solanum lycopersicum 
using marker assisted selection (MAS). Many genetic engineering studies concerning 
transgenic and Crispr/CAS9 have demonstrated the association of various genes 
involved in imparting tolerance to abiotic stress in tomato. Sol Genomics, a database
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2 R. H. Laxman et al.

with genetic and genomic information on the plants belonging to Solanaceae family 
helps in providing sequence and marker related information which can be employed 
in MAS and genetic engineering. The opportunity for harnessing this information and 
devising strategies for tomato improvement for abiotic stress tolerance are discussed. 

Keywords Abiotic stresses · Tolerance mechanisms · Quantitative Trait Loci ·
Transgenics · Breeding strategies ·Marker assisted selection · Genomics 

1.1 Introduction 

Tomato (Solanum lycopersicum L.) is one of the most widely consumed vegetables 
primarily due to its diverse consumption forms either as raw, cooked or various 
processed products. Its family Solanaceae also includes commercially important 
vegetables that are grown under diverse climatic conditions. Due to its demand for 
consumption in various forms, globally it is cultivated for both domestic needs and 
exports. Globally it is grown in an area of 5.03 million hectares with a total produc-
tion of 180.76 million tons and productivity of 35.93 tons/ha (FAO 2019). Tomato 
crop is grown under diverse geographical regions either in open or under protected 
conditions. Two major tomato growing countries are China and India. Based on 
the extent of area and requirements it is harvested either manually or mechanically 
under intensive cultivation. The tomato fruit has diversity in color, shape and size. It 
is nutritionally important as it contains variety of phytochemicals. The fruit contains 
red color imparting pigment lycopene, which is a dominant antioxidant. Lycopene 
is important for maintaining eye health and reduces the incidence of cancer. The 
fruit also contains other carotenoids (β-carotene, phytoene, phytofluene) and pheno-
lics (coumaric and chlorogenic acids, quercetin, rutinandnaringenin). Vitamin C 
(ascorbic acid) in reasonable amounts is also present in tomato fruit. An alkaloid 
tomatine with fungicidal properties too is present. Hence, due its potential nutritional 
and health benefits, tomato is produced and consumed across the world. 

1.2 Effect of Abiotic Stresses on Tomato Growth, Yield 
and Quality 

Though tomato cultivation is widely adopted across the world in diverse agro-
ecological regions, the potential yield is seldom realized due to episodes of many 
abiotic stresses. Abiotic stresses namely, high temperature, cold, drought, excess 
and low light, nutrient deficiency and toxicity and salinity limit crop production 
(Criddle et al. 1997; Cramer et al.  2011). Estimates of the effect of abiotic stress on 
global agriculture suggest that up to 70% of crop production is affected by ecolog-
ical constraints (Boyer 1982; Cramer et al.  2011). Abiotic stresses are frequently 
interconnected, occurring either singly or in combination and cause morphological,
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physiological, biochemical, and molecular changes in plants, reducing the develop-
ment and production (Bulgari et al. 2019).Tomato requires accessibility of irrigation 
water throughout the crop growth cycle. It is sensitive to drought stress due to its 
succulent nature, and occurrence of deficit water stress during flowering and fruit 
set is very unfavorable. Deficit water stress caused reduction in yield to the extent of 
11.69% and 30.60% under mild and severe water stresses, respectively. Conversely, 
fruit quality in terms of soluble sugars, total soluble solids, vitamin C contents, and 
fruit firmness was better under water stress (Hao et al. 2019b). The decline in plant 
height by 24%, stem diameter by 18% and chlorophyll concentration by 32% was 
observed in tomato under severe water stress condition. Consequently it resulted in 
69% lower yield (Sibomana et al. 2013). The overall growth, flowering, yield and 
mineral nutrient uptake were significantly affected due to deficit irrigation (Ragab 
et al. 2019). 

As a result of erratic rainfall the crops experience excess moisture stress and 
prolonged waterlogging situations. Such situations manifest into negative influence 
on crop growth and development. Waterlogging in tomato fields beyond two days 
leads to complete wilting and yield loss. Waterlogging induced anaerobic condition 
for 24 h resulted in 15% wilting and 40% yield loss (Hubbell et al. 1979). Flooding 
stress largely affected the physiology of tomato plants. Under stress tomato plants 
had lower photosynthesis rate, stomatal conductance, chlorophyll fluorescence, leaf 
water potential and chlorophyll content (Bhatt et al. 2015). 

Maximum tomato rate of fruit growth and yield could be achieved at 25 °C (Adams 
and Valdes 2002). The critical nature of mean daily temperature on tomato was 
emphasized by Peet et al. (1997). The reduction in fruit number, per plant fruit weight 
and seed number was evident at mean daily temperature of 29 °C as compared to 
25 °C. Thermal stress in tomato occurs at 35 °C. The exposure of plants to such high 
temperatures, results in physio-biochemical injury which adversely affect growth 
and yield (Rivero et al. 2004). High temperature stress during the growth of male 
reproductive part, leads to reduced fruit formation as a result of interruption in sugar 
and proline metabolism (Sato et al. 2006). Termination of flowers due to high temper-
ature effect on bud formation and enlargement results in lower tomato yield (Peet 
et al. 1997; 1998; Sato et al. 2000). Increase in daily mean temperature adversely 
affects growth and productivity of tomato (Laxman et al. 2013, 2018). 

Tomato is moderately sensitive to salinity. Salinity had its adverse influence on 
tomato root elongation, lateral root growth, reduced leaf, shoot height, stem diameter, 
photosynthesis and leaf chlorophyll content. At salinity equal and above 5 dS m−1 

the reduction in total yield was 7.2% per unit increase in salinity (Zhang et al. 
2016). Since soil salinity influences seed germination and initial crop establishment, 
understating its influence is important for tomato production. Salinity level of 3.0% 
NaCl in Hoagland’s solution affected germination of tomato seed. The germination 
process took longer and higher root/shoot dry weight ratio and Na+ content with 
reduction in K+ content were evident (Singh et al. 2012). At temperatures below 
12 °C, the growth and development of tomato cultivars is adversely affected (Hu et al. 
2006). Chilling stress damages tomato plants at prevailing temperatures between 0 
and 12 °C depending on the duration of exposure (Adams et al. 2001). Thus, the
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abiotic stresses have a greater bearing on overall physiology, growth, development 
and yield. 

1.3 Growing Importance in the Face of Climate Change 
and Increasing Population 

Tomato with desirable nutritional and health benefits is in great demand for domestic 
consumption and export. Increasing population driven demand poses a bigger chal-
lenge for sustainable tomato production. Further, there is a pressing need to manage 
the existing and future extreme weather events anticipated under climate change. The 
human induced increase in global surface temperature from 1850–1900 to 2010–2019 
is likely in the range of 0.8 °C to 1.3 °C. Over the land surface the globally aver-
aged precipitation has likely increased since 1950, with a quicker rate of increase 
since the 1980s. Currently observed variation in temperature events are projected to 
become more intense and last longer. The global temperature rise could be managed 
at 1.5 °C with determined efforts by cutting the emissions. These concerted efforts 
may prevent the most terrible climate impacts. However, as per the projections, under 
high emission scenario, the world may be warmer by 4.4 °C by 2100. Under such 
extreme scenarios the impacts would be devastating (IPCC 2021). Hence, there is 
an intense challenge of sustaining tomato production in the face of growing world’s 
population on one hand and climate change on the other. 

1.4 Limitations of Traditional Breeding and Rational 
of Genome Designing 

Throughout the phenological development, tomato is subjected to a variety of abiotic 
stresses that adversely affect growth and yield. Among several approaches for 
sustaining and enhancing yields under adverse stress situations, identificaction of 
tolerant cultivars is of prime importance. Tomato breeding efforts for various desir-
able traits, especially yield and keeping quality, have been pursued in the past century 
employing pedigree method, hybridization, mass selection, and backcrossing. Such 
concerted efforts have led to improvements in tomato (Lucatti et al. 2013; Iqbal 
et al. 2019). Hybridization and pedigree selections have been the most important 
breeding techniques used in tomato improvement. The backcross method of breeding 
has been used to transfer desirable traits from wild species to cultivated varieties, 
among several other approaches (Sharma et al. 2019). Over the last seventy years, 
wild tomato species have been used in breeding programs to improve the cultivated 
tomato.
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Development of tomato cultivars with enhanced abiotic stress tolerance is one of 
the most sustainable approaches to manage abiotic stresses. In this regard, consid-
erable progress has been made to understand the stress tolerance mechanisms and 
gene discovery. Despite this there is no report of commercial cultivar tolerant to salt 
and/or drought stress. The literature on genetic variability, selection indices, impor-
tant characteristics and genotypic responses to heat stress has been comprehensively 
reviewed by Hazra et al. (2007). The plant breeding programs need to translate 
the basic understanding gained from such studies into stress tolerant crop varieties 
using conventional and molecular tools. Tomato is a model plant for research in 
the Solanaceae family. The genomic sequence of tomato (Solanum lycopersicum L.) 
and its close wild relative (Solanum pimpinellifolium L.) are available (The Tomato 
Genome Consortium 2012; Aflitos et al. 2014). These advances encourage plant 
genomics and breeding studies for crop improvement. 

Selection and breeding of tomato cultivars that can offer economic yield under 
abiotic stress situations signifies the lasting and balancing nature of this approach. An 
effective screening of the diverse genetic material is crucial for successful breeding 
strategy. The lack of a universal selection criterion for distinguishing tolerant and 
sensitive tomato accessions necessitates further research into identification of toler-
ance traits (Hirayama and Shinozaki 2010). The need for enhancing tolerance to 
abiotic stresses has necessitated the use of both traditional breeding techniques and 
marker-assisted selection. The evaluation of tomato germplasm under various abiotic 
stresses has provided better insights into the existence of diversity in both cultivated 
and wild relatives. However, utilization of diverse genetic resources in breeding 
tomatoes requires an efficient evaluation of germplasm using the phenotypic and 
genomic tools (Ayenan et al. 2019). 

Following the breakthroughs in molecular biology and bioinformatics, breeding 
practices have improved (Caliman et al. 2008). These enhance the effectiveness 
of traditional plant breeding programs. The use of bioinformatics and molecular 
techniques can improve the screening of complex breeding problems (Ouyang et al. 
2007).The narrow genetic basis in cultivated tomatoes for heat tolerance has triggered 
interest in exploiting tomato wild relatives, which have been sources for many abiotic 
and biotic stresses and yield related traits (Zhang et al. 2017a). Based on their ability 
to maintain photosynthetic rate and chlorophyll fluorescence under high temperature, 
Zhou et al. (2018) identified specific S. pennellii and S. peruvianum accessions as 
heat tolerant. 

Current tomato breeding achievements are based on traditional breeding-genetic 
procedures, and limited improvements in introduction of useful traits into cultivars 
have been achieved. It’s reasonable to believe that conventional breeding would not 
permit production to increase in the future (Fentik 2017). There has been signif-
icant development in molecular genetics and the application of molecular marker 
techniques. As a result, combining conventional breeding with modern plant biotech-
nology techniques such as marker-asisted selection and selection based on molecular 
markers could be useful tools for tomato breeding.
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1.5 Response to Different Abiotic Stresses 

Occurrence of abiotic stresses at critical growth stages not only severely limits 
productivity and yield but also quality of the produce. Under global climate change 
situations, abiotic stresses are of vital importance due to their widespread incidence. 
The occurrence of extreme high temperature and rainfall events are being reported 
across the world. Various abiotic stresses induce plant responses at different levels 
namely, morphological, physiological and biochemical/molecular alterations (Raza 
et al. 2019). At the morphological level, abiotic stress can cause altered shoot, root 
and leaf growth, as well as developmental changes that result in altered life cycle 
duration and fewer or smaller organs. Physiological activities such as photosynthetic 
rate, transpiration, respiration, assimilate partitioning to different organs within the 
plant, and mineral uptake is affected. At cellular level, membrane disruption, disorga-
nized thylakoid structure, reduced cell size, stomatal guard cell function, alterations 
in cellular hydration and programmed cell death are manifested (Rao et al. 2016). 
At biochemical/molecular level, the effects include enzyme inactivation, produc-
tion of reactive oxygen species (ROS), osmotic damage, changes in primary and 
secondary metabolite profiles, changed water and ion uptake or translocation and 
altered hormone concentrations (Etesami et al. 2021). 

Maintenance of cell turgidity under stress is crucial for survival and to carry out 
metabolic activities. Plants have evolved various adaptive mechanisms to maintain 
positive turgor which mainly involves improving water relations and cellular level 
tolerance (Kapoor et al. 2020). Desired plant water status is sustained through mech-
anisms like alterations in phenology, maintaining positive turgor, and eventually 
sustaining cell metabolic activities despite decreased cell water potential. Cellular 
responses to stress include adjustments of the membrane system, modifications of 
the cell wall architecture, and alterations in cell cycle and cell division (Klutz 2005). 
Therefore, two important relevant mechanisms are (a) improving water relations and 
(b) improving cellular level tolerance. 

1.5.1 Roots Characters 

Plants resort to several adaptive strategies through modifications in root characteris-
tics. Such adaptations help to explore and access soil available water and maintain 
higher water use efficiency. Plants maintain positive turgor by taking up water from 
the deeper layers of soil (Robbins and Dinneny 2015). The roots act as crucial organ 
for meeting transpiration demand at a reasonably high leaf water status, given the 
condition that water is available in the rooting zone. Several root characters have 
relevance in stress adaptation. Studies have shown that genotypes with desirable 
root characteristics maintained cooler leaf temperature for longer period under water 
stress (White and Kierkegaard 2010). Nevertheless, these avoidance features help to 
maintain higher tissue water content under deficit moisture stress conditions. Such



1 Physiological, Molecular and Genetic Analysis … 7

adaptations facilitate plants to delay the immediate adverse effects of water stress. 
Hence, under severe deficit water stress conditions, the inherent tolerance character-
istics are more important (Basu et al. 2016). Plants have exhibited many dehydration 
tolerance mechanisms under low tissue water potential by maintaining chloroplast 
integrity, membrane integrity and osmotic adjustment (Parkash and Singh 2020). 

The importance of roots in accessing water from deeper layers of soil has also 
been the primary emphasis by the researchers. Roots, being below ground, respond 
to incidence of abiotic and biotic stresses in the soil and communicate with the 
aboveground plant parts via signaling pathways (Kim et al. 2020). The growth and 
development of plants is controlled by the root morphology and physiology through 
modifications in root to shoot transport of signaling molecules including hormones, 
proteins and RNAs and mineral nutrients (DoVale and Neto 2015). Roots being 
hidden in the soil are frequently exposed to multiple abiotic stresses occurring in the 
soil. Alterations in the shoot: root ratio is often detected when plants are subjected to 
various stresses (Fox and Fort 2019). Under drought, salt, or sub-optimal temperature 
stress, as well as some nutritional inadequacies or elevated levels of atmospheric CO2, 
redistribution of metabolites from shoots to roots is frequently observed. Insufficient 
solar radiation or extra nutrients, on the other hand, usually result in a higher shoot-
to-root ratio (Franco et al. 2011). 

Roots have a greater ability to sense the physicochemical properties of the soil 
and change their development and performance, thus playing an important part in the 
plant’s nutritional and development activities under abiotic stress (Kul et al. 2020). 
Roots are serving as the interface between the plant and the soil, hence more exposed 
to many abiotic stresses, especially drought, waterlogging and salt stresses than the 
aerial parts of the plant (He et al. 2018). Drought may cause a greater inhibition of 
shoot growth compared to root growth and in some cases; the absolute root biomass 
in drying soil may increase when compared to well-watered soils (Boudiar et al. 
2020). Hence, the plants have developed various mechanisms to endure water or salt 
stress, including an altered shoot: root ratio. 

Several studies have provided detailed insights into huge variations among tomato 
root traits (Table 1.1). The root characteristics like maximum root depth, total root 
length, root surface area, root volume, root diameter, root length density, root distri-
bution pattern in the soil column, root to shoot ratio, root branching, root hydraulic 
conductance, root anatomy, root elongation rate, and hardpan penetrability. Intrinsic 
tolerance of roots plays a major role under stress condition (Sukeshini 2020). 
Hence, analysis of root phenotypes has revealed better understanding of root growth 
responses to a variety of environmental stimuli, as well as the extent of natural varia-
tion for root traits (Ristova and Busch 2014). Therefore, improving our understanding 
of the interactions between root functions and abiotic stress tolerance could have a 
significant impact on adaptation strategies.
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Table 1.1 Root traits associated with different abiotic stresses in tomato species 

Abiotic stresses Root traits References 

Drought stress Root length Ron et al. (2013), Ghebremariam et al. 
(2013), Khan et al. (2014), 
Senthilkumar et al. (2017), Habib et al. 
(2019) 

Root biomass Brdar-Jokanovic et al. (2014), Tron et al. 
(2015), Mahpara et al. (2018), Buhroy 
et al. (2017), Zhang et al. (2019), Zhang 
et al. (2020) 

Root/shoot ratio Allerstorfer (2014), Niakan et al. (2014), 
Xiong et al. (2015), Zhang et al. (2020), 
Kamanga et al. (2020) 

Salt stress Root length Almutairi, (2016), Tanveer et al. (2020), 
Habib et al. (2019), Altaf et al. (2020) 

Root biomass Singh et al. (2012), Sajyan et al. (2018) 

Root/shoot ratio Ebrahim et al. (2017), Parvin et al. 
(2019), Ladewig et al. (2021) 

High temperature stress Rootlength, Root biomass 
Root/shoot ratio 

Keatinge et al. (2014), Haghighi et al. 
(2014), Shaheen et al. (2016), Ali et al. 
(2020) 

Cold stress Root length Zhang et al. (2011), Subramanian et al. 
(2016), Wani et al. (2021) 

Root biomass Ghorbanpour et al. (2018), Dezhabad 
et al. (2020) 

Root/shoot ratio Klay et al. (2014), Altaf et al. (2021) 

1.5.2 Heat Tolerance 

As a result of global warming, coincidence of high temperature episodes with sensi-
tive phenophases, leads to heat stress and is a major agricultural concern in many 
parts of the world. Heat stress is a vital limiting factor in agricultural output. There 
is a spike in air temperature over a threshold level for a period of time long enough 
to produce injury or irreversible damage to crop plants in general (Kumar et al. 
2012; Lobell and Gourdji 2012; Gourdji et al. 2013; Teixeira et al. 2013). The extent 
of high temperature induced alterations in physiology, phenology, growth and yield 
depends on the duration, intensity and temperature increase over the threshold limits. 
The effects of heat stress on plants are very complex; resulting in denaturation of 
enzymes, disruption of metabolism activity, growth and development alterations, 
change in physiological functions and morphological structure (Mondal et al. 2013). 
Such alterations results in increased respiration, lower photosynthesis rate, closure 
of stomata, reduced chlorophyll fluorescence, lower chlorophyll content, membrane 
damage, ROS over production, and metabolic disruption upon exposure to heat stress 
(Hu and Zhu 2020). It could also alter the phenology, shorten the crop duration,
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days to flowering and fruiting, hasten fruit maturity, ripening and senescence. These 
alterations result in reduced crop productivity and quality (Yu et al. 2019). 

Tomato is cultivated in diverse agro-climatic regions across the world. It is very 
sensitive to high temperature (Camejo et al. 2005). Optimum mean daily tempera-
ture requirement is between 15–32 and 35 °C is considered as maximum threshold 
(Zhang et al. 2005). For growth, development and yield 40 °C is supra-optimum 
temperature (Morales et al. 2003). High temperature can undesirably impact seed 
germination, vegetative growth, pollination, flowering, fruit set, fruit weight and fruit 
quality (Foolad et al. 2005; Laxman et al. 2018). The gas exchange characteristics, 
photosynthesis, transpiration, stomatal conductance and photochemical efficiency of 
PSII were affected to a greater extent at peak flowering stage as compared to peak 
fruiting stage (Camejo et al. 2005, 2006; Laxman et al. 2013, 2014). 

Previous studies have shown that the increase in daily mean temperatures 
adversely affect growth and productivity of tomato. The increase in temperature 
above the optimal, caused reduction in net photosynthetic rate, transpiration, stomatal 
conductance, and photochemical efficiency of PSII of five selected tomato genotypes 
during peak flowering and fruiting stages. The reductions were higher at peak flow-
ering stage compared to peak fruiting stage (Laxman et al. 2013). The mild temper-
ature also reduced in vitro pollen germination, fruit set percentage, fruit weight, 
number of leaves, number of branches, plant height, total dry matter accumulation, 
and harvest index in tomato plants. Concurrently, the number of trusses, flowers, 
and flower abortion also increased (Laxman et al. 2018). Antioxidant enzymes and 
the expression of HSPs/HSFs genes were found to be involved in the SlMAPK3-
mediated heat stress response in tomato plants Yu et al. (2019). Mansy et al. (2021) 
studied six tomato lines, G1, G2, G3, G4, G5, and G6, under heat stress at the morpho-
logical, molecular, and cytological levels. The lines G2, G1, and G6 performed better 
in terms of morphological characters, vegetative development, fruiting, and yield. 

In order to sustain productivity and quality under climate change situations, iden-
tification of tolerance source and development of suitable cultivars is the best adapta-
tion strategy. For sustainable crop production under heat stress, two most imperative 
strategies could be followed: (a) introduction of tolerant cultivars, genetically modi-
fied or transgenic cultivars through molecular and biotechnological means along with 
conventional breeding approaches and (b) employing several agronomic management 
strategies for heat stress management under field conditions. As part of the strategy, 
coping up with high temperature stress under climate change conditions necessitates 
development of tolerant cultivars. This can be accomplished by breeding programs by 
exploiting the genetic capability of genotypes which are already temperature tolerant 
(Laxman et al. 2018). Bhattarai et al. (2016) examined a tomato cross to estimate 
combining ability and understand the genetic basis of tomato genotypes under heat 
stress. The genetic components and proportions studies showed that the heat toler-
ance was governed by non-additive gene action and is a dominant trait. The parental 
variance (Vr) and parent–offspring covariance (Wr) relationship (Wr–Vr) indicated 
that heat tolerance traits were governed by over dominance. Significant correlation 
occurred between yield and yield-attributing traits. Heterosis was high for yield and


