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Chapter 2 ®)
Genomic Designing for Climate-Smart e
Tomato

Mathilde Causse, Jiantao Zhao, Isidore Diouf, Jiaojiao Wang,
Veronique Lefebvre, Bernard Caromel, Michel Génard and Nadia Bertin

Abstract Tomato is the first vegetable consumed in the world. It is grown in very
different conditions and areas, mainly in field for processing tomatoes while fresh-
market tomatoes are often produced in greenhouses. Tomato faces many environmen-
tal stresses, both biotic and abiotic. Today many new genomic resources are available
allowing an acceleration of the genetic progress. In this chapter, we will first present
the main challenges to breed climate-smart tomatoes. The breeding objectives rel-
ative to productivity, fruit quality, and adaptation to environmental stresses will be
presented with a special focus on how climate change is impacting these objectives.
In the second part, the genetic and genomic resources available will be presented.
Then, traditional and molecular breeding techniques will be discussed. A special
focus will then be presented on ecophysiological modeling, which could constitute
an important strategy to define new ideotypes adapted to breeding objectives. Finally,
we will illustrate how new biotechnological tools are implemented and could be used
to breed climate-smart tomatoes.
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2.1 Introduction

Tomato is the first vegetable consumed worldwide following potato. It has become an
important food in many countries. Two main types of tomato varieties are produced,
tomatoes for the processing industry, with determinate growth produced only in open
field and indeterminate growth varieties for fresh market, which may be grown in
very diverse conditions, from open field to greenhouses with controlled conditions.

Tomato, Solanum lycopersicum L., is a member of the large Solanaceae fam-
ily, together with potato, eggplant, and pepper. It is a self-pollinated crop, with a
diploid (2n = 2x = 24) genome of medium size (950 Mb). A high-quality reference
genome sequence was published in 2012 (The Tomato Genome Consortium 2012).
Tomato originates from South America along with 12 wild relative species, which
can be crossed with the cultivated tomato species. Several large collections of genetic
resources exist and more than 70,000 varieties are conserved in these gene banks.
The collections also include scientific resources such as collections of mutants or
segregating populations.

Tomato is also a model species for genetic analysis since a long time. Many
mutations inducing important phenotype variations were discovered and positionally
cloned and many disease resistance genes were functionally characterized. Tomato
is also a model species for fruit development and physiology. It is easy to transform
and it has been the first transgenic food produced and sold (Kramer and Redenbaugh
1994).

In this chapter, we will first present the main challenges to breed climate-smart
tomatoes. The breeding objectives relative to productivity, fruit quality, and adapta-
tion to environmental stresses will be presented with a special focus on how climate
change is impacting these objectives. In the second part, the genetic and genomic
resources available will be presented. Then, traditional and molecular breeding tech-
niques will be discussed. A special focus will then be presented on ecophysiological
modeling, which could constitute an important strategy to define new ideotypes
adapted to breeding objectives. Finally, we will illustrate how new biotechnological
tools are implemented and could be used to breed climate-smart tomatoes.

2.2 Challenges, Priorities, and Breeding Objectives

Tomato crop faces several challenges, which impact its breeding objectives. Breeders
will orient their main breeding objectives according to the wide diversity of growth
conditions and use them as fresh or processed. These objectives can be classified into
(1) productivity, (2) adaptation to growth conditions in terms of response to biotic
and abiotic stresses, and (3) fruit quality at both nutritional and sensory levels.
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2.2.1 Productivity

From 1988 to 2017, the tomato world production regularly grew from 64 to 182 MT.
Since 1995, China increased its production and became the first producer, and since
then, its production increased up to 60 MT (Fig. 2.1) covering almost 4,800,000 ha.
This growth is due to an increase in the production area, but also due to improvement
in productivity and variety breeding.

With an average yield of 37 T/ha, compared to 16 T/ha in 1961, the yield has
increased over years but large differences remain according to countries and growth
conditions. In south European greenhouses, the average yield is 50-80 T/ha, while it
may be more than 400 T/ha in the Netherlands and Belgium, with a crop lasting up
to 11 months. Expressed per square meter, the average yield is 3.7 kg/m?, reaching
50 kg/m? in the Netherlands, while it is 5.6 in China where most of the production
is in the open field although modern Chinese solar greenhouses are developed (Cao
et al. 2019).

Tomato yield is strongly dependent on cultivars and growth conditions. Yield
results from fruit number and fruit weight. Cultivars for fresh market are classified
based on their fruit size and shape from the cherry tomato (less than 20 g) to beef
tomato (fruit weight higher than 200 g). The potential size depends on cell number
established in pre-anthesis stage, but the final fruit size mainly depends on the rate
and duration of cell enlargement (Ho 1996). Seed number and competition among
fruits also affect the final fruit size (Bertin et al. 2002, 2003). Seed and fruit are highly
sensitive to biotic and abiotic stresses, which often lead to seed and fruit abortion
(Ruan etal. 2012). Fruit number is controlled by the truss architecture but the increase
in flower number often leads to abortion (Soyk et al. 2017a, b). Fruit shape varies
from flat to long or ovate and is also determined at the carpel development stage.
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Fig. 2.1 Evolution of tomato production over years in the nine main producing countries
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Mutations in four genes explain most of the tomato fruit shape (Rodriguez et al.

2011).

2.2.2 Fruit Quality

2.2.2.1 Nutritional Quality

Tomato consumption has been shown to reduce the risks of certain cancers and
cardiovascular diseases (Giovannucci 1999). Its nutritional value is related to fruit
composition in primary and secondary metabolites (Table 2.1) but is mostly due to
its content in lycopene and carotene (Bramley 2000). Lycopene is responsible for
the red fruit color but also acts as a dietary antioxidant. Tomato also constitutes an
important source of vitamin C. In spite of considerable efforts in developing cultivars
with higher content of carotenoids, or vitamin C, none has reached a commercial

Table 2.1 Average tomato

fruit nutritional value and Proximates Content (per 100 g fresh weight)

composition (adapted Water 94.5¢

from USDA) Energy 18 kcal
Protein 0.88 g
Lipids 02¢g
Fibers 12¢g
Sugars 263¢g
Acids 0.65¢g
Minerals
Calcium 10 mg
Magnesium 11 mg
Phosphorus 24 mg
Potassium 237 mg
Sodium 5mg
Fluoride g
Vitamins
Vitamin C 14 mg
Choline 6.7 mg
Vitamin A and carotene 0.59 mg
Lycopene 2.57 mg
Lutein and zeaxanthin 123 g
Vitamin K 8¢g

(adapted from USDA: https://www.usda.gov/)


https://www.usda.gov/
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importance, in part because of a negative correlation between yield and these traits
(Klee 2010).

In addition to these well-known vitamins and antioxidants, other compounds
in tomato fruit with antioxidant properties include chlorogenic acid, rutin, plas-
toquinones, tocopherol, and xanthophylls. Tomatoes also contribute but to a lesser
extent to carbohydrates, fiber, flavor compounds, minerals, protein, fats, and gly-
coalkaloids to the diet (Davies and Hobson 1981). Exhaustive metabolome studies
have described the composition of tomato in terms of both primary and secondary
metabolites and has shown the wide diversity present among tomato accessions and
their wild relatives (Tikunov et al. 2005; Schauer et al. 2006; Rambla et al. 2014,
Wells et al. 2013; Tieman et al. 2017; Zhu et al. 2018).

Considerable genetic variation exists in tomato for micronutrients with antiox-
idant activity or other health-promoting properties (Hanson et al. 2004; Schauer
et al. 2005). A number of these micronutrients, particularly carotenoids, have long
been the major objectives of breeding programs because of their contribution to the
quality of fresh and processed tomato products. Increased recognition of their health-
promoting properties has stimulated new research to identify loci that influence their
concentration in tomato.

Vitamin A and vitamin C are the principal vitamins in tomato fruit. Tomatoes also
provide moderate levels of folate and potassium in the diet and lesser amounts of
vitamin E and several water-soluble vitamins. Carotene biosynthesis in tomato has
been deciphered and many genes and mutations have been identified (Ronen et al.
1999). More than 20 genes that influence the type, amount, or distribution of fruit
carotenoids have been characterized in tomato (Labate et al. 2007).

Vitamin C pathway in plants has been deciphered by Smirnoff and Wheeler (2000).
The variation in ascorbic acid content may depend on varieties and growth conditions
(Gest et al. 2013) and a few quantitative trait loci (QTLs) controlling its variation
have been identified (Stevens et al. 2007). The synthesis pathway of folate is also
well characterized and the genes involved were identified (Almeida et al. 2011).
One of the major QTLs controlling its variation has been shown to be related to an
epigenetic variation (Quadrana et al. 2014).

Glycoalkaloids and their toxic effects are commonly associated with the Solana-
ceous species. Tomato accumulates the glycoalkaloids a-tomatine and dehydrotoma-
tine which are less toxic than glycoalkaloids in potato (Madhavi and Salunkhe 1998;
Milner et al. 2011). Several genes controlling their variations have been identified
(Cardenas et al. 2016; Zhu et al. 2018).

Tomato mineral composition is greatly influenced by plant nutrition (see below),
and as a result, has been well characterized in the context of mineral deficiency
and the effect of these conditions on plant health. There is a significant genotypic
variation for mineral content in tomato fruit. Potassium, together with nitrate and
phosphorous, constitutes approximately 93% of the total inorganic fruit constituents
(Davies and Hobson 1981).

Flavonoids comprise a large group of secondary plant metabolites and include
anthocyanins, flavonols, flavones, catechins, and flavonones (Harborne 1994).
Numerous efforts have focused on the manipulation of transgene expression to
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enhance fruit flavonoids (Muir et al. 2001; Bovy et al. 2002; Colliver et al. 2002).
Willits et al. (2005) identified a wild accession that expressed structural genes of the
anthocyanin biosynthetic pathway in the fruit peel and fruit flesh. Introgression of
the S. pennellii accession into tomato produced progeny that accumulated high levels
of quercetin in fruit flesh and peel. The mutation responsible for the lack of accumu-
lation of yellow color flavonoid in the pink tomato has been identified (Adato et al.
2009; Ballester et al. 2016). Phenolic acids form a diverse group. Hydroxycinnamic
acid esters of caffeic acid predominate in Solanaceous species and chlorogenic acid
is the most abundant (Molgaard and Ravn 1988). Rousseaux et al. (2005) noted large
environmental interactions for fruit antioxidants and identified several QTLs for total
phenolic concentration in fruit of S. pennellii introgression lines.

2.2.2.2 Sensory Quality

Fresh-market tomato breeders improved yield, disease resistance, adaptation to
greenhouse conditions, fruit aspect, but have lacked clear targets for improving
organoleptic fruit quality. Consumers have complained about tomato taste for years
(Bruhn et al. 1991). Nevertheless improving sensory fruit quality is complex as it
is determined by a set of attributes, describing external (size, color, firmness) and
internal (flavor, aroma, texture) properties.

Flavor is mostly due to sugars and organic acids (Stevens et al. 1977), to their
ratio (Stevens et al. 1979; Bucheli et al. 1999), and to the composition in volatile
aromas (Klee and Tieman 2013). Sweetness and acidity are related to the content of
sugars and acids (Janse and Schols 1995; Malundo et al. 1995). Sweetness seems
to be more influenced by the content in fructose than in glucose, while acidity is
mostly due to the citric acid, present in higher content than malic acid in mature
fruits (Stevens et al. 1977). Depending on the studies, acidity is more related to the
fruit pH or to the titratable acidity (Baldwin et al. 1998; Auerswald et al. 1999).
Both sugars and acids contribute to the sweetness and to the overall aroma intensity
(Baldwin et al. 1998). More than 400 volatiles have been identified (Petr6-Turza
1986), a few of them contributing to the particular aroma of tomato fruit (Baldwin
et al. 2000; Tieman et al. 2017). Texture traits are more difficult to relate to physical
measures or to fruit composition, although firmness in the mouth is partly related
to the instrumental measure of fruit firmness (Causse et al. 2002), and mealiness
was found related to the texture parameters of the pericarp (Verkerke et al. 1998).
Several studies intended to identify the most important characteristics of consumer
preferences (Causse et al. 2010).

Although production of high-quality fruits is dependent on environmental fac-
tors (light and climate) and cultural practices, a large range of genetic variation
has been shown, which could be used for breeding tomato quality as reviewed by
Davies and Hobson (1981), Stevens (1986), and Dorais et al. (2001). Causse et al.
(2003) showed the importance of flavor and secondarily of texture traits in consumer
appreciation. Cherry tomatoes have been identified as a source of flavor (Hobson
and Bedford 1989), with fruits rich in acids and sugars. Long shelf life cultivars
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have been described as generally less tasty than traditional ones (Jones 1986), with
lower volatile content (Baldwin et al. 1991). Furthermore quality has a subjective
component and there is not a unique expectation (Causse et al. 2010).

Wild relatives of S. lycopersicum may be an interesting source for improving fruit
composition. Mutations of enzymes involved in the carbon metabolism were found in
S. chmielewskii and in S. habrochaites, leading to particular sugar compositions: The
sucr mutation in an invertase gene, in S. chmielewskii, provides fruits with sucrose
instead of glucose and fructose (Chetelat et al. 1995). In S. habrochaites, an allele of
the ADP glucose pyrophosphorylase enzyme was identified as much more efficient
than the allele of the cultivated species, leading to an increase in the final sugar content
of the fruit (Schaffer et al. 2000). Another locus Fgr modulates the fructose to glucose
ratio in mature fruit, for which an allele from S. habrochaites yields higher fructose
to glucose ratio (Levin et al.2000). The gene responsible is a sugar transporter of the
SWEET family (Shammai et al. 2018). A gene Lin5 encoding apoplastic invertase
has been shown to be a QTL modulating sugar partitioning, the allele of S. pennellii
leading to higher sugar concentrations than the S. lycopersicumone (Fridman et al.
2000). Wild tomato species may also provide original aromas, either favorable to
tomato quality (Kamal et al. 2001) or unfavorable (Tadmor et al. 2002). Several
genes responsible for the variation of aroma production in tomato have been cloned
(Klee 2010; Bauchet et al. 2017a, b; Zhu et al. 2019).

Many efforts for improving fruit quality have failed because of the complex cor-
relations between the various components or between yield or fruit weight and fruit
components. The correlation between fruit weight and sugar content is frequently
negative (Causse et al. 2001), but may be positive in other samples (Grandillo and
Tanksley 1996a). In several studies involving sensory evaluation and fruit composi-
tion analyses, sweetness was positively correlated with reducing sugar content and
sourness with titratable acidity (Baldwin et al. 1998; Causse et al. 2002). The firm
texture is positively correlated with the instrumental firmness (Lee et al. 1999; Causse
et al. 2002). Correlations were also detected between fruit size and antioxidant com-
position (Hanson et al. 2004). High-throughput metabolic profiling allowed getting
insight on the whole metabolic changes in tomato fruits during fruit development or
in various genotypes (Schauer et al. 2005; Overy et al. 2004; Baxter et al. 2007).

Addressing the demand of the producers and retailers of fresh-market tomatoes,
breeders have considerably improved the external aspect and shelf life of tomato
fruit. This improvement was obtained either by the use of ripening mutations or by
the cumulative effect of several genes improving fruit firmness. Several mutations
affecting fruit ripening are known, rin (ripening inhibitor) the most widely used, nor
(non-ripening), and alc (alcobaca). Long shelf life cultivars have entered into the
tomato market in the 1990s, but consumers have criticized their flavor (Jones 1986;
McGlasson et al. 1987). The corresponding genes have been identified and exten-
sively studied (Vrebalov et al. 2002; Ito et al. 2017; Wang et al. 2019). The impact
of the enzymes involved in cell wall modifications during ripening on fruit firmness
and shelf life has been extensively studied and modifications of polygalacturonase or
pectin methylesterase activity were proposed to increase fruit shelf life and texture
properties (Hobson and Grierson 1993).
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Processing tomato has specific quality attributes. The self-pruning mutation (sp),
characteristic of all the processing varieties, controls the determinate growth habit
of tomato plants. Processing cultivars associate the sp mutation with concentrated
flowering, fruit firmness, and resistance of mature fruits to overripening, allowing a
unique mechanical harvest. The sp gene was cloned (Pnueli et al. 1998). This mutation
does not only affect plant architecture, but also modulates the expression of genes
controlling fruit weight and composition (Stevens 1986; Fridman et al. 2002; Quinet
etal. 2011). This gene belongs to a gene family that is composed of at least six genes
(Carmel-Goren et al. 2003). Recently, sp gene was also shown to be responsible
for the loss of day-length-sensitive flowering (Soyk et al. 2017a, b). The jointless
mutations, provided by the j and j2 genes, are also useful for processing tomato
production. The j2 mutation has been discovered in a S. cheesmaniae accession, and
has no abscission zone in fruit pedicel allowing harvest without calyx and pedicel
during vine pick-up (Mao et al. 2000; Budiman et al. 2004).

2.2.2.3 Mild Stress as a Tool to Manage Quality

Tomatoes are produced all year round under contrasting environmental conditions,
triggering seasonal variations in their sensory quality. Over the tomato growth cycle,
different factors such as light intensity, air and soil temperatures, plant fruit load, plant
mineral nutrition, or water availability influence the final fruit quality (reviewed in
Davies and Hobson 1981; Poiroux-Gonord et al. 2010). Variations in temperature
and irradiance during ripening affect carotene, ascorbic acid, and phenolic compound
content in the fruit, although acid and sugar content are not modified considerably
by these two factors (Venter et al. 1977; Rosales et al. 2007; Gautier et al. 2008).
Changes in plant fruit load through trust pruning modify fruit dry matter content and
final fruit fresh weight by disrupting the carbon flux entering the fruit (Bertin et al.
2000; Guichard et al. 2005). Water limitation and irrigation with saline water may
positively impact tomato fruit quality, mainly through an increase in sugar content
in fruit (either by concentration or accumulation effect) and contrasted effects on the
secondary metabolite contents (Mitchell et al. 1991; De Pascale et al. 2001; Nuruddin
et al. 2003; Johnstone et al. 2005; Gautier et al. 2008; Ripoll et al. 2016). The effects
reported on fruit composition are associated or not with large yield loss depending
upon the intensity and duration of the treatment and the development stage of the
plant (Ripoll et al. 2014; Guichard et al. 2001; Albacete et al. 2015; Osorio et al.
2014).

Thus, the optimization of the growth practice, in particular, water management, is
considered in horticultural production as a tool to manage fruit quality while limiting
yield losses, offering the opportunity to address simultaneously environmental issues
and consumer expectations of tastier fruits (Stikic et al. 2003; Fereres and Soriano
2006; Costa et al. 2007). The genetic variability of tomato response to water limita-
tions and other abiotic constraints and their combination still need to be deciphered
to develop genotypes adapted to these practices (Poiroux-Gonord et al. 2010; Ripoll
et al. 2014). Large phenotypic variation in response to a wide range of climate and
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nutrition conditions exists in the genus Solanum at both inter- and intraspecies levels
(reviewed in Labate et al. 2007).

Several authors attempted to measure genotype-by-environment (GxE) interac-
tions on tomato fruit quality by repeating the same experiment in different locations
or/and under several growing facilities (Auerswald et al. 1999; Johansson et al. 1999;
Causse et al. 2003) or by building experimental design to isolate the effect of par-
ticular environmental factors on large number of genotypes (see Semel et al. 2007;
Gur et al. 2011; Albert et al. 2016a; for water availability and Monforte et al. 1996,
1997a, b for salt stress). In different experiments, the G x E interaction was signif-
icant for the fruit quality traits measured (including fruit fresh weight, secondary
and primary metabolism contents, and fruit firmness), but generally accounted for
a low part of the total variation in comparison to the genotype main effect. Albert
et al. (2016a) dissected further the genotype by watering regime interaction in an
intraspecific S. lycopersicum recombinant inbred line population grown under two
contrasting watering regimes in two locations. Besides, they detected large genetic
variation and genetic heritabilities under both watering regimes, encouraging the
possibility to develop tomato genotypes with an improved fruit quality under mild
water stress.

2.2.3 Biotic and Abiotic Stresses

2.2.3.1 Biotic Stresses
Pests and Pathogens of Tomatoes

Pests and pathogens cause great damage to tomato crops in field and in greenhouse.
Tomato is afflicted by at least 200 pests and pathogens, from most major classes such
as bacteria, fungi, oomycetes, viruses, nematodes, insects, and spider mites (Foolad
and Panthee 2012). Insects are as diverse as aphids, thrips, whiteflies, leafminers,
fruit borers, caterpillars, leathoppers; they disturb the foliage development perturbing
photosynthesis carbon assimilation, deform fruit appearance, and ultimately reduce
the yield. Moreover several of them may transmit viruses. A few viruses may also
be transmitted by contact such as Tobamoviruses. Foolad and Panthee (2012) made
a compendium of the most important diseases on tomato caused by 21 fungi, 1
oomycete, 7 bacteria, 7 viruses, and 4 nematodes.

Diseases contribute to almost 40% of tomato yield loss in the field worldwide.
The occurrence of those diseases varies according to the geographical regions where
tomatoes are grown, environmental conditions, and cultural practices. For instance,
high relative humidity favors the stem canker and the early blight caused by different
species of Alternaria, and warm air temperature and damp conditions favor the
gray leaf spot caused by different species of Stemphylium while low soil temperature
favors the corky root rot caused by Pyrenochaeta lycopersici and cool air temperature
favors the Fusarium crown and root rot. Otherwise, high air humidity alternating with
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cool night temperature is favorable for the development of late blight caused by the
Oomycete Phytophthora infestans that can easily destroy up to 100% of field or
greenhouse tomato crops.

Impact of Climate Change on Pest and Pathogen Resistance

Climatic prediction models indicate severe weather pattern changes, which will result
in frequent droughts and floods, rising global temperatures, and decreased availability
of fresh water for agriculture. A great challenge is thus to improve the robustness of
plant resistance and tolerance to pests and pathogens, to a wide array of combined
biotic and abiotic stress combinations. Tomato crops are exposed to multiple abiotic
stresses in fields and greenhouses that could attenuate or enhance the response to
biotic stress. Recent studies have revealed that the response of plants to combinations
of two or more stress conditions is unique and cannot be directly extrapolated from
the response of plants to each stress applied individually. Few studies report the
tomato responses to biotic x abiotic stress combinations.

It is well known for a long time that high temperatures (above 30 °C) inhibit plant
defense mechanisms making major resistance genes frequently dysfunctional. For
instance, the tomato Mi-1.2 resistance gene to root knot nematode and Cf-4/Cf-9
genes to Cladosporium fulvum are inactivated at high temperature (de Jong et al.
2002; Marques de Carvalho et al. 2015). Other abiotic stresses could also modify
tomato immunity. For instance, drought stress reduces disease severity to Botrytis
cinerea and stops the development of Oidium neolycopersici. Irrigation with saline
water increases disease severity to Fusarium oxysporum f. sp. radicis-lycopersici
and to Phytophthora capsici, does not affect Botrytiscinerea infection, and reduces
infection by O. neolycopersici (Achuo et al. 2006; Dileo et al. 2010). Bai et al.
(2018) suggest that salt stress modifies the hormone balance involved in sthe ignaling
pathway that could decrease the resistance level conferred by the OI-1 gene but has no
effect on resistance conferred by OI-2 and OI-4 genes, those three genes controlling
O. neolycopersici responsible for tomato powdery mildew. Limited nitrogen or water
supplies increase tomato stem susceptibility to B. cinerea (Lecompte et al. 2017).
Very high environmental pressure caused by elevated ozone concentration eliminates
the effect of potato spindle tuber viroid (PSTVd) on biomass reduction in tomato
(Abraitiene and Girgzdiene 2013). The few examples cited here mainly focused on the
effect of environmental changes on tomato immunity controlled by major resistance
genes. Much less publications concern resistance QTLs yet, even if research on the
effect of G x E interactions on resistance to biotic stress is increasing. Actually, there
is a knowledge gap in the identification of QTLs involved in responses to combined
biotic antibiotic stresses.
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New Emerging Tomato Diseases

Global climate change is supposed to result in the emergence of new pests and
pathogens into production areas. Tomato health management is thus challenged by
the emergence of new races that overcome resistance genes deployed in cultivars
and by novel introductions due to the world’s agricultural market and the climate
change. Several diseases are reemerging or emerging on tomato crops such as the
late blight caused by P. infestans (Fry and Goodwin 1997), the leafminer Tuta abso-
luta, and new viruses that increasingly affect tomato crops. The Potexvirus Pepino
mosaic virus (PepMV), mainly mechanically transmitted, emerged around 2000 and
causes now significant problems on glasshouse tomato crops worldwide (Hanssen
and Thomma 2010). Recently, the tomato brown rugose fruit virus (TOBRFV), a
new tobamovirus present in Jordania and Israel, was able to break 7Tm-2-mediated
resistance in tomato that had lasted 55 years (Maayan et al. 2018). The emergence
of new viruses is often coupled with the proliferation of adapting insect vectors.
Tomato production in tropical countries is severely constrained by insects and mites,
particularly whiteflies (Bemisia tabaci) that could transmit begomoviruses (includ-
ing TYLCV known for a long time but also many other emergent begomoviruses)
and fruit borers that cause serious problems during the reproductive phase of the
crop. Deploying host resistance against viruses, when available, is actually the most
effective method for controlling viruses and preventing their spread, even if in recent
years resistance-breaking strains of viruses have been characterized, against which
these resistance genes are no longer effective. For example, the resistance gene Sw-5
confers resistance to TSWV transmitted by the thrips Frankliniella occidentalis, as
well as to related orthotospovirus species such as Groundnut ring spot virus (GRSV)
and Tomato chlorotic spot virus (TCSV) recently emerged in the United States and
the Caribbean. But it has been overcome by new virulent TSWYV strains (Oliver and
Whitfield 2016; Turina et al. 2016).

In addition, the bacteria Clavibacter michiganense subsp. michiganensis (Cmm),
causing the bacterial canker disease devastating tomato production worldwide, is
considered as a real plague. This bacteria is one of the few pathogens transmitted
by seeds. To fight the spread of this disease, Good Seed and Plant Practices (GSPP;
https://www.gspp.eu/), adopted by sites or companies working on tomato breeding
and plantlet production, prevent tomato seed and plant lots from being infected by
Cmm. GSPP-accredited sites or companies are granted the right to market their
tomato seeds and young plants with the GSPP logo. The first GSPP seed and plants
have been available since July 2011 in France and the Netherlands.

So far, there is no sufficiently sustainable or effective genetic leverage available
for tomato breeding programs to combat these new diseases. Their sustainable con-
trol is a goal of global importance, which will probably require combining several
genetic strategies associated with cultural practices to effectively manage those novel
pathosystems.
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2.2.3.2 Abiotic Stresses

Tomato domestication and improvement have focused for a long time on agronomic
traits associated with productivity, quality, and disease resistance. Crop resilience
facing the global climate change nowadays represents one of the most challenging
aspects of plant breeding, raising awareness in developing climate-smart crops. It has
led to the characterization of new breeding traits related to abiotic stress tolerance.
Understanding the complex genetic architecture of plant response to environmental
changes appears to be central for the development of new cultivars. Indeed, variations
in environmental factors usually induce some disorders at molecular, physiological,
and morphological levels that may alter the agronomic performance of crops. Stress
adaptation in plants at the molecular level requires generally the activation of multiple
stress-response genes that are involved in different metabolic pathways for growth
maintenance and which expression is regulated by various transcription factors (TFs).
The genomic era facilitated the characterization of such stress-response genes across
plant species that were assigned to a diverse family of TFs. The major families of
TFs playing significant roles in stress tolerance that were described in the litera-
ture include the basic leucine zipper (bZIP), dehydration-responsive element bind-
ing protein (DREB), APETALA 2 and ethylene-responsive element binding factor
(AP2/ERF), zinc fingers (ZFs), basic helix-loop-helix (bHLH), heat-shock proteins
(Hsp), and others (Lindemose et al. 2013). The functions covered by these TFs are
very common in the plant kingdom; however, each species presents specificities.

In tomato, Bai et al. (2018) characterized the 83 WRKY genes identified in pre-
vious studies and displayed their different roles in response to pathogen infection,
drought, salt, heat, and cold stresses. Some genes were highlighted as being altered
in their expression by different stress such as drought and salinity stress (SIWRKY3;
SIWRKY3, and SIWRKY33) pointing pertinent candidates for further investigation.
The expression profiles of other tomato stress-response genes were also investigated
for a class of genes belonging to the ERFs family (Klay et al. 2018) and Hsp20 gene
family (Yu et al. 2017). Examples of single genes involved in tomato tolerance to
abiotic stress were also described including the SIJUBI promoting drought tolerance;
DREBIA and VPI.1 playing a role in salinity tolerance, and ShDHN, MYB49, and
SIWRKY39 for tolerance to multi-stress factors (Liu et al. 2015; Sun et al. 2015; Cui
et al. 2018).

Tomato is a suitable plant model to study the genetics of plant response to the
environment and for deciphering the genotype-by-interaction (GXE) mechanisms,
due to the wide range of environmental conditions—from fields to greenhouse
cultivation—for its production highlighting its large adaptability.

Water Deficit

Tomato is a high water-demanding crop (Heuvelink 2005) making water resource
management one of the key factors essential for the crop. The amount of irrigation
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water in tomato production is usually managed according to the reference evapotran-
spiration (ET,) and the developmental stage. When water deficit (WD) occurs during
the cropping period, morphological and molecular changes are usually observed that
hamper the final yield production. Several studies addressed the impact of WD stress
on tomato, most of which establishing WD as a percentage of water restriction,
according to the optimal water requirement (Albert et al. 2016a, b; Ripoll et al.
2016; Diouf et al. 2018).

From an agronomic point of view, the main consequence of WD on tomato is yield
reduction that can be severe when stress occurs during fruit development (Chen et al.
2013). However, all developmental stages are susceptible to WD to a level depending
on the cultivar and stress intensity. Seed germination is the first step exposed to envi-
ronmental stress. In tomato, a delay or even an inhibition of seed germination was
observed with the application of osmotic stress (Bhatt and Rao 1987). Water deficit
during vegetative and reproductive development negatively affects the overall eco-
nomic performance of the crop but positive effects on fruit quality are documented.
Indeed, Costa et al. (2007) described some trade-off between yield decrease and
increase in quality component on fruit trees and vegetables including tomato where
enhancement in fruit quality compounds such as vitamin C, antioxidants, and soluble
sugars was observed under WD stress (Albert et al. 2016a; Ripoll et al. 2014; Patane
and Cosentino 2010; Zegbe-Dominguez et al. 2003). The two groups of accessions
constituted of cherry tomato and large fruit accessions usually show different sensi-
tivity to environmental stresses. For instance, a study using a panel of unrelated lines
tested under control and WD conditions revealed that large fruit tomato accessions
were more susceptible and had higher responsiveness to WD (Albert et al. 2016b).
This study also showed that the increase in the sugar content in fruit under WD
is due to a reduction in fruit water content and not due to increased synthesis of
sugars. However, Ripoll et al. (2016) found higher fructose and glucose synthesis
in tomato fruits submitted to WD stress for different stages of fruit development,
indicating that both dilution effect and higher sugar synthesis are responsible for
fruit quality enhancement in tomato under WD. The omics approaches allow tar-
geting specific genes and studying their variation in expression level according to
different environmental conditions. Some examples of water deficit response genes
involved in tomato tolerance to drought are published. This is the case for SISHNI
gene that induces tolerance to drought by activating downstream genes involved in
higher cuticular wax accumulation on leaves (Al-Abdallat et al. 2014). Tolerance
to drought induces early activation of signaling pathways to elicit drought-related
genes. Wang et al. (2018) identified a drought-induced gene (SIMAPK]I) playing an
active role in the antioxidant enzyme activities and ROS scavenging leading to higher
drought tolerance.

Salinity Stress

Soil salinity has become problematic in agriculture especially in the Mediter-
ranean region where soil aridification and non-sustainable irrigation practices tend
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to increase the surface area of salty soils (Munns and Tester 2008). Munns and Gilli-
ham (2015) defined salinity stress (SS) as the level of salinity up to which the energy
for plant growth is redirected into defense response. Considering yield as a measure
of tolerance to SS, tomato is a crop that can tolerate up to 2.5 dS m~! of salinity
and cherry tomatoes are less salt sensitive than large fruit accessions (Scholberg and
Locascio 1999; Caro et al. 1991). Over the above-mentioned threshold, a significant
yield decrease is observed. Yield reduction under SS in tomato was found to be asso-
ciated with a reduction in both fruit size and fruit number (Scholberg and Locascio
1999). As for WD, SS also leads to an increase in sugar content in tomato fruits
(Mitchell et al. 1991). Besides, SS leads to changes in the cation/anion ratio and the
increase in sugar content in fruits of salinized plants likely results from the interaction
between reduced fruit water content, increased ion content, and maintained hexose
accumulation (Navarro et al. 2005). These changes are the consequences of tomato
response to the osmotic adjustment. The threshold for salinity tolerance defined
above was set upon the characterization of a few selected tomato cultivars. However,
Alian et al. (2000) noticed a high genotypic variability in response to salinity in
fresh-market tomato cultivars. This highlights the possibility and the potentiality for
the crop to breed salt-tolerant cultivars.

Facing SS, plants deploy a variety of response to rebalance and reestablish the
cellular homeostasis. Physiological responses to SS involve the ionic channels trans-
porters as they are highly needed to regulate the ionic imbalance (Apse et al. 1999).
In their study, Rajasekaran et al. (2000) screened salinity tolerance in a number of
tomato wild relatives and associated salinity tolerance mainly to a higher K*/NA*
ratio in roots. High genetic variability was observed in S. pimpinellifolium acces-
sions for yield and survival traits in response to SS (Rao et al. 2013). Among yield
component traits, fruit number was the most affected trait in both wild and culti-
vated populations (Rao et al. 2013; Diouf et al. 2018). Breeding salt-tolerant variety
thus seems possible by using either physiological traits or agronomic performance
under salinity, as sufficient genetic variability is available in several tomato genetic
resources.

Temperature Stress

All crop species have an optimal temperature range for growth. Tomato is known
as a crop that can grow in a wide range of environments, from elevated areas with
low temperatures to tropical and arid zones where high temperatures usually occur.
Based on the crop simulation model, Boote et al. (2012) indicated that the optimal
growth for tomato and its fruit development is about 25 °C. Temperatures below
6 °C and above 30 °C severely limit growth, pollination, and fruit development and
could negatively impact final fruit yield. Studies on different accessions and wild
relative species of tomato helped understanding how the crop responds to low and
high-temperature stresses.
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High-temperature stress

The most visible effect of climate change is the rise in temperature in different
areas of the world. The end of the twenty-first century is expected to come with the
increase in global warming causing significant yield decrease in major worldwide
cultivated crops (Zhao et al. 2017). When plants are exposed to fluctuating high
temperatures (HT), ensuing stress is considered as short-term heat stress; when the
period of exposure to HT is short or long-term heat stress. if plants experienced the
HT for several consecutive days. The latter has more dramatic effects on agronomic
performances of crops, especially when it occurs during the entire cropping season. In
open field trials, seed germination is more generally impaired by high temperature of
the soil and can differ to the effects of elevated air temperatures. However, flowering
period is described as the most critical stage under HT stress (Wahid et al. 2007).
Severe yield decrease caused by HT stress arises from the hampered reproduction
performance with a high impact of HT on reproductive organs (Nadeem et al. 2018).
In tomato, HT stress around flowering was shown to inhibit reproduction by altering
male fertility at a high degree and female fertility at alower rate (Xu etal. 2017a, b). In
areas where the temperature range could be reliably predicted, managing the sowing
date to avoid HT stress around anthesis is an important factor to consider. Tomato
male fertility could be considered as the main factor limiting reproduction success
under HT stress. This has led some studies to use pollen traits as a measure of heat
tolerance instead of only final yield (Driedonks et al. 2018). Male reproductive traits
were highly variable among wild species and some accessions showed high pollen
viability compared to cultivated cultivars. This opens possibilities for transferring
heat-tolerant alleles from wild donors to cultivated tomato. A reduction of fruit
setting was also observed in cultivated tomato with a higher rate of parthenocarpic
fruits noticed under HT stress at 26 °C in growth chambers (Adams et al. 2001).
These authors noticed that fruit maturation is accelerated under higher temperature
mostly when fruits are exposed themselves to heating periods, that could alter final
fruit quality composition.

Considering the important effect of HT on agriculture, numerous studies suc-
cessfully tackled and identified several heat-response genes (Waters et al. 2017;
Keller and Simm 2018; Fragkostefanakis et al. 2016). Heat-response genes are com-
monly regulated by the activity of several heat stress transcription factors (HSFs) as
described in the literature for different organisms. This has led to the investigation
of the roles played by HSFs in thermo-tolerance and majors HSFs depicted across
plant species could lead to the development of heat-tolerant tomato via genome
editing(Fragkostefanakis et al. 2015).

Chilling and cold stress

Chilling stress (CS) is usually considered when plants are growing in temperature
below the optimal growth range and above 0 °C, just before freezing stress. The geo-
graphical distribution of wild tomato species includes elevated zones where annual
temperatures can be below the optimal growth for cultivated tomatoes (Nakazato
et al. 2010). This denotes that adaptation to sub-optimal temperature is possible in
tomato.
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Adams et al. (2001) observed that at 14 °C, tomato growth was reduced. Lower
temperatures equally induce some chilling stress symptoms as reviewed by Ploeg and
Heuvelink (2005) who noticed that below 12 °C, almost no growth is observed for
tomato. As for HT stress, fruit set is inhibited in tomato mainly due to poorer pollen
viability. Reduction in the number of flowers, number of fruits, and final yield was
observed with low temperature that also affects the partitioning of photosynthetic
products (Meena et al. 2018). Indeed, photosynthesis is highly impacted during CS
and several related physiological parameters are described. For example, the relative
water content, chlorophyll fluorescence, and accumulation of phenolic compounds
are associated to mechanisms inducing cold tolerance (Giroux and Filion 1992;
Dong et al. 2019; Khan et al. 2015). By the way, Meena et al. (2018) showed that
external application of phenolic compounds—notably salicylic acids—significantly
increased tomato tolerance to CS. Low-temperature stress during plant growth and
development adversely affects the fruit quality of tomato and reduces non-enzyme
antioxidants such as lycopene, B-carotene, and a-tocopherol.

Transcriptome analysis depicted some genes responding to CS in tomato. For
example, Zhuang et al. (2019) identified a cold response tomato gene (SIWHYI)
whose expression is enhanced under 4 °C, playing a role in photosystem II protection
and starch accumulation in chloroplast. For several plant species, signal transmis-
sion of CS involves the C-repeat binding factor (CBF) (Jha et al. 2017) leading to
downstream activation of cold responsive genes for cold tolerance. Major types of
CBF are known to regulate cold acclimation in tomato (Mboup et al. 2012). In a
recent review, Kenchanmane Raju et al. (2018) showed that genes related to pho-
tosynthesis and chloroplast development were consistently repressed in response to
low temperature and the most conserved set of genes up-regulated in response to
low-temperature stress belonged to the CBFs, WRKYSs, and AP2/EREBP transcrip-
tion factors. These results highlighted some genes and family of transcription factors
that could be targeted for breeding tomato adapted to low-temperature conditions.

Mineral Nutrition Deficiency

The positive effect of mineral nutrition on plant growth has long been recognized and
mineral elements are usually classified as essential or non-essential; the latter being,
however, beneficial for plant development (Marschner 1983). The macronutrients
are mostly necessary to stimulate growth and nitrogen (N), potassium (K*), and
phosphorus (P) are among the most important in higher plants. Their use has a
significant environmental cost and thus selection for reduced need of fertilizer could
be useful for the production of smart crops.

Nitrogen

Nitrogen (N) is among the most important limiting nutrient for tomato development.
Insufficient N nutrition can cause severe consequences to economically important
traits. It was shown that N-deficiency negatively affects the number of fruits, fruit
size, storage quality, color, and taste of tomato (Sainju et al. 2003). As evidenced by de
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Groot et al. (2004) and Larbat et al. (2012), tomato growth rate is linearly correlated
to N supply. Low N supply limits growth in leaves but promotes root development and
this activity was mainly linked to variation in cytokinin concentration. An increase in
accumulation of phenolic compounds is also a notable consequence of N-deficiency
in tomato. Indeed, Larbat et al. (2012) found that sequential limitation of N nutrition
resulted in an up-regulation of genes associated with phenolic biosynthetic pathway.

Oversupply of N above the required optimal level is usual in tomato cultivation
due to its beneficial effects and the willing to avoid the negative effects of limited
N; however, excess of N can overproduce vegetative growth at the expense of fruit
development and rapid fruit maturation and inhibits root system development besides
its negative effect on groundwater pollution (Du et al. 2018). This highlights the
necessity to manage N nutrition in tomato cropping that can be achieved through a
good characterization of genes involved in nitrogen use efficiency. Apart from genetic
solutions to improve tolerance to N-deficiency, real-time greenhouse management
technics are now available with the use of computational intelligence systems and
definition of new stress tolerance traits like leaf reflectance as proposed by Elvanidi
et al. (2018).

Phosphorus

Phosphorus (P) is usually present in the soil in a form that is not accessible for
plants. Fertilization is thus required for major crops including tomato. Plant capacity
to acquire P present in the soil is associated to root morphological changes and
involves variation in plant-hormone levels. Early plant development is very sensitive
to P nutrition and sub-optimal P supply in tomato can lead to impaired growth and
plant development (Sainju et al. 2003; de Groot et al. 2004). Phosphate deficiency
induces modification in root architecture morphology via increased auxin sensitivity
leading to the activation of P transporter genes to remobilize P from lipids and nucleic
acids (Schachtman and Shin 2007). Long-term adaptation to P starvation appears
to be linked to reduced primary root growth at the expanse of lateral root growth
that is promoted (Xu et al. 2012). Besides, the net-photosynthesis decreased in the
leaves with reduced sucrose content after long exposure to P starvation, while the
starch content increased. These authors also identified different genes responding to
P starvation that belong to the 14-3-3 gene family encoding phosphoserine-binding
proteins involved in protein—protein interactions.

In open field conditions, a larger root system development may be required for
greater exploration and acquisition of P present in the soil. For greenhouse production
where the P input can be managed, the need is more in the characterization of P-
deficiency response genes and their correlation to morphological and physiological
response for the development of cultivars with higher P-use efficiency.

Potassium

The importance of Potassium (K* ) in plant nutrition has been attested with its involve-
ment in important physiological processes such as photosynthesis, osmoregulation,
and ion homeostasis (Marschner 1983; Pettigrew 2008). Yield and quality are known
to be impacted by the photosynthesis capacity of the plant and thus could be directly
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linked to the K* concentration in plant organs. In tomato, positive effects of K* supply
have been described for vigorous growth, early flowering, fruit number production,
and higher rate of titratable acidity (Sainju et al. 2003). Increase in soluble solids, anti-
oxidative capacity, and ascorbic acid were also observed in tomato fruits (Tavallali
et al. 2018) with K* supply. Alternatively, deficiency in K* nutrition induced mor-
phological injuries resulting in brown marginal scorching with interveinal chlorosis
and yellowing of tomato leaves. Indeed, plants usually sense external changes in
K* concentration leading to the activation of signal transduction to reestablish the
ion homeostasis. Adaptation to low K* supply is achieved through different K*
movement monitored by different K* transporters. The function and role of different
transporter channels involved in K¥ movement in plants were described by Wang
and Wu (2015) including the HAK/KUP/KT family of transporters seemingly cru-
cial for K* transport. The transport of K* in plants is initiated in the roots and the
major impact of K* deficiency is on root architecture (Zhao et al. 2018). Improving
root system development could then directly alleviate the deleterious effect of K*
deficiency.

Calcium

Calcium is an important ion involved in diverse metabolic processes central to plant
growth and development (Bush 1995). Several reviews regarding the role of this
macronutrient on plants pinpoint its involvement in the cell wall rigidity, cell mem-
brane stability, the control of ion transport, and the signaling of abiotic stress (Hep-
ler 2005; Hirschi 2004; Wilkins et al. 2016). Calcium deficiency is associated with
changes in the cell ion homeostasis and had been related to nutritional imbalance
incidence, among other problems in plants. The diminution of Ca>* nutrition as well
as environmental stimuli has been considered as leading changes in the cytosolic
concentration of Ca?* mediating some modifications in Ca®* flux through trans-
porter proteins in order to reestablish the ion homeostasis (Bush 1995). Besides,
plant response to abiotic stresses is tightly linked to modification in Ca** homeosta-
sis essential to signaling and subsequent plant tolerance deployment (Rengel 1992;
Wilkins et al. 2016). In tomato, Ca** nutrition under salinity stress, for example, has
been shown to alleviate the negative impact induced by salt toxicity on plant and fruit
growth (Tuna et al. 2007). This was linked to Ca* use efficiency upon the availability
of sufficient Ca?* concentration in the plant. Calcium-use efficiency is an important
characteristic for plant adaptation to environmental stress and this trait is genetically
variable indicating the possibility for breeding cultivars with high potentiality of
adaptation to low Ca** input (Li and Gabelman 1990). However, most tomato acces-
sions are susceptible to Ca®* deficiency and among the undesirable effects associated
with this stress, a physiological disorder at the fruit named blossom-end rot (BER)
has been noticed (Adams and Ho 1993). Other studies correlate BER incidence to
differences in genotype capacity to limit oxidative stress by increasing the synthe-
sis of antioxidant metabolites such as ascorbate (Rached et al. 2018) or genotype
sensitivity to gibberellin (Gaion et al. 2019) suggesting a non-direct effect of Ca>*
depletion in the cells to induce BER symptoms. Moreover, through transcriptomic
analyses, de Freitas et al. (2018) identified candidate genes inhibiting BER in tomato
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that were mostly associated with resistance against oxidative stress. Tomato BER is
thus a complex physiological disorder occurring from the impact of abiotic stresses,
genetic, physiological, or agronomic factors with possible interaction between them
(Hagassou et al. 2019). However, regarding the tight link between BER and the
level of Ca2* in tomato, the characterization of the channel gene families involved in
regulation of Ca®* homeostasis under different environmental stimuli could help to
disentangle the underlying molecular mechanisms of the interaction between BER
incidence and Ca®* concentration.

2.2.3.3 Stress Combination

Plantresponses to individual stress at a specific growth stage are well documented and
avenues for crop breeding to enhance tolerance to a particular stress were provided.
However, observations in the nature and in open field conditions clearly brought to
light that stress combination is a common phenomenon, especially with the climate
change that has an incidence of co-occurring of environmental stresses such as WD
and HT stress. Climate change trend has also an impact on pathogen spreading and
new disease appearance and distribution (Harvell et al. 2002). Different scenarios of
biotic and abiotic stress combination are then expected to arise, according to the geo-
graphical regions and areas of crop cultivation. With different crop species exposed
to different stress treatments, Suzuki et al. (2014) presented a stress matrix with the
potential positive and negative effects of various patterns of stress combination. The
global effect of combined stresses on yield, morphological, and physiological traits
on plants can be highly different from those of a single stress. Thus the stress matrix
proposed by Suzuki et al. (2014) would be highly useful if specified for tomato, to
achieve a global view of how stress combinations could be managed in breeding
programs.

Examples of studies conducted in tomato to assess the impact of combined stress
on different traits are available in the literature. Zhou et al. (2017) showed that
physiological and growth responses to the combined WD and HT stresses had a
similar pattern across different cultivars but the response was different from the
single heat response. Combination of HT stress and SS on tomato showed, however,
less damage on growth than the application of SS alone (Rivero et al. 2014). Besides
morphological changes, some studies conducted on the model species Arabidopsis
thaliana demonstrated that variations in gene expression under stress combination
are highly independent of variation induced by single stress application (Rasmussen
et al. 2013).

In addition to the combination of different environmental stresses, simultane-
ous biotic and abiotic stresses, which are usually studied separately, are expected,
especially in field conditions. Recently, studies were performed to fill the lack of
knowledge about the genetic response to biotic and abiotic stress combination com-
pared to a single stress effect. In tomato, Kissoudis et al. (2015) studied the combined
effect of salinity and powdery mildew (Qidium neolycopersici) infection and found
that salt stress increases the powdery mildew susceptibility in an introgression line
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population. Anfoka et al. (2016) showed that long-term HT stress was accompa-
nied with TYLCV accumulation in tomato reducing by the way the HT response
efficiency. Some stress responses such as endogenous phytohormone secretion and
ROS production are important physiological processes involved in both abiotic and
biotic plant responses (Fujita et al. 2006) that could require the action of a group of
genes regulating both types of stresses. Some genes were shown to be involved in
the simultaneous response to biotic and abiotic stress on tomato such as the SIGGP-
LIKE gene that Yang et al. (2017) found to be correlated to higher ascorbic acid
synthesis, less ROS damage, and higher tolerance to chilling stress, however, its
suppression led to higher ROS accumulation and resistance to P. syringae. Using
genomic data from multiple stress-response genes, Ashrafi-Dehkordi et al. (2018)
performed a comparative transcriptome analysis on tomato and found a set of genes
the expression of which is altered under simultaneous biotic and abiotic stresses.
Single tomato genes involved in responses to both abiotic stresses and Pseudomonas
syringae (Sun et al. 2015) or Phytophthora infestans (Cui et al. 2018) were identified
making them suitable targets for breeding. However, up to now, stress combination
is mostly addressed in a genomic or metabolomics point of view and few examples
of genetic response to combined stress are documented except in A. thaliana (Thoen
et al. 2017).

The impact of mineral nutrition on plant pathogen is also important: the enhanced
phenolic and volatile compounds accumulated with N fertilization have been shown
to interact with tomato disease induced by insect attacks such as whitefly, Bemisia
tabaci (Islam et al. 2017), and leafminer Tuta absoluta Han et al. (2015). Interaction
between N supply and tomato resistance to Botrytis cinerea has also been described
(Lecompte et al. 2010). Nitrogen supply not only interacts with biotic tolerance in
tomato but has also a different impact according to some abiotic factors.

Among abiotic stresses, salinity is the most important stress in tomato affecting
tomato responses. The simultaneous effect of salinity stress and N input was measured
by Papadopoulos and Rendig (1983) who showed that the positive effects of N supply
on growth and fruit weight were suppressed by salinity stress reaching up to 5 dS
m~!.

In an interspecific introgression line (IL) population, (Frary et al. 2011) showed
that salinity decreased the leaf Ca>* content by 47% and K* content by 8%. S.
pennellii alleles were found contributing mostly to higher Ca** content under both
control and salinity stress suggesting this species as a natural resource for salinity
and low Ca?* input stress tolerance.
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2.3 Genetic and Genomic Resources for Trait Breeding

2.3.1 Genetic Resources

2.3.1.1 Origin of Tomato and Its Wild Relatives

Genetic resources for food and agriculture are keys to global food security and
nutrition (FAO 2015). In crop production, maintaining genetic diversity is an essential
strategy not only to breed new varieties, to identify candidate genes of target traits,
to dissect the evolutionary history, but also to reduce the effects of biotic and abiotic
stresses, etc.

Tomato belongs to the large and diverse Solanaceae family also called Night-
shades, which includes more than three thousand species. Among them, major crops
arose from Old world (eggplant from Asia) and New world (pepper, potato, tobacco,
tomato from South America). The Lycopersicon clade (Table 2.2) contains the domes-
ticated tomato (Solanum lycopersicum) and its 12 closest wild relatives (Peralta et al.
2005). Charles Rick and colleagues started the first prospections and studies on the
tomato wild relatives in the 1940s.

Tomato clade species are originated from the Andean region, including Peru,
Bolivia, Ecuador, Colombia, and Chile. Their growing environments range from sea
level to 3,300 m altitude, from arid to rainy climate and from Andean Highlands to
the coast of Galapagos Islands. Their habitats are often narrow and isolated valleys
and they were adapted to many climates and different soil types. The large range
of ecological conditions contributed to the diversity of the wild species. This broad
variation is also expressed at the morphological, physiological, sexual, and molecular
levels (Peralta et al. 2005).

The domestication of tomato is due to a divergence from S. pimpinellifolium that
occurred several thousand years ago. It probably happened in two steps, first in Peru,
leading to S. lycopersicum cerasiforme accessions then in Mexico, leading to large
fruit accessions (reviewed in Bauchet and Causse 2012) and confirmed by molecular
analyses (Blanca et al. 2012; Lin et al. 2014; Blanca et al. 2015). Only a few tomato
seeds were brought back from Mexico to Europe, leading, after domestication, to a
new genetic bottleneck. The tomato cultivation first slowly spread in southern Europe
and it is only after the Second World War that its intentional selection started and
that it was spread over the world.

2.3.1.2 Genetic Resources as Sources for Adaptation

There are more than 83,000 tomato accessions stored in different seed banks world-
wide (FAO 2015). These seed banks include the Tomato Genetic Resources Cen-
ter (TGRC) in Davis, USA (https://tgrc.ucdavis.edu/), the United States Depart-
ment of Agriculture (USDA) in Geneva, USA (https://www.ars.usda.gov/), the
World Vegetable Center in Taiwan, (https://avrdc.org/), the Centre for Genetic
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Table 2.2 Tomatoes and their wild relative species of the Lycopersicon section according to Peralta
et al. 2005 “Lycopersicon group” corresponds to the red- and orange-fruited species). For further
details of crossability and other biological parameters of wild tomatoes see Grandillo et al. (2011)

Species Distribution Habitat; (elevational Section according to
range Peralta et al. (2005)
Solanum Globally cultivated Cultivated; sea Lycopersicon
Iycopersicum L. domesticate level-4000 m “Lycopersicon
group”

Solanum Southwestern Dry slopes, plains Lycopersicon

pimpinellifolium L. Ecuador to northern and around cultivated | “Lycopersicon
Chile (many northern | fields; sea group”

populations in
Ecuador are
admixture with S.
lycopersicum;
Peralta et al. 2005;
Blanca et al. 2013)

level-3000 m

Solanum peruvianum
L.

Central Peru to
northern Chile

Dry coastal deserts
and lomas; sea
level-3000 m

Lycopersicon
“Eriopersicon group”

Solanum

Galdapagos Islands

Dry, open, rocky

Lycopersicon

cheesmaniae (L. slopes; sea “Lycopersicon
Riley) Fosberg level-1300 m group”
Solanum Galdpagos Islands Dry, open, rocky Lycopersicon
galapagense S.C. slopes; seashores; sea | “Lycopersicon
Darwin and Peralta level-1600 m group”
Solanum arcanum Northern Peru Dry inter-Andean Lycopersicon

Peralta

valleys and in coastal
lomas (seasonal
fog-drenched
habitats);

100-4000 m

“Arcanum group”

Solanum
chmielewskii (C.M.
Rick, Kesicki, Fobles
& M. Holle) D.M.

Southern Peru and
northern Bolivia

Dry inter-Andean
valleys, usually on
open, rocky slopes;
often on roadcuts;

Lycopersicon
“Arcanum group”

Spooner, G.J. 1200-3000 m

Anderson & R.K.

Jansen

Solanum neorickii Southern Ecuador to | Dry inter-Andean Lycopersicon

D.M. Spooner, G.J.
Anderson & R.K.
Jansen

southern Peru

valleys; 500-3500 m

“Arcanum group”

(continued)
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Species Distribution Habitat; (elevational Section according to
range Peralta et al. (2005)

Solanum chilense Coastal Chile and Dry, open, rocky Lycopersicon

(Dunal)Reiche southern Peru slopes; sea “Eriopersicon
level-4000 m (B. group”

Igic, pers. comm.
Has suggested the
higher elevation
plants represent a
new species)

Solanum
corneliomulleri J.F.
Macbr.

Southern Peru (Lima
southwards)

Dry, rocky slopes;
20-4500 m (low
elevation populations
associated with
landslides in
southern Peru)

Lycopersicon
“Eriopersicon
group”

Solanum Andean Ecuador and | Montane forests, dry | Lycopersicon

habrochaites S. Peru slopes and “Eriopersicon

Knapp and D.M. occasionally coastal group”

Spooner lomas; 104100 m

Solanum huaylasense | Rio Santa river Dry, open, rocky Lycopersicon

Peralta drainage, slopes; 950-3300 m “Eriopersicon
north-central Peru group”

Solanum pennellii
Correll

Northern Peru to
northern Chile

Dry slopes and
washes, usually in
flat areas; sea
level-4100 m

Lycopersicon
“Neolycopersicon
group”

Resources, in the Netherlands (https://www.wur.nl/en/Research-Results/Statutory-
research-tasks/Centre-for-Genetic-Resources-the-Netherlands-1.htm), and others.
These seed banks maintain most of the genetic diversity of tomatoes.

Thanks to the pioneering work of Charles Rick, the Tomato G