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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 situ-
ation with crop damage in the range of 6–20%. Understanding the mechanisms of
interaction of plantswith the biotic stresses caused by insects, bacteria, fungi, viruses,
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 the emergence of new diseases and insects
together with newer biotypes, and physiological races of the causal agents on one
hand and aggravating the abiotic stress problemswith 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 simultane-
ously. A moderate estimation of the world population by 2050 is about 9.3 billion
which would necessitate an increase in 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 to 15% should be minimized. Therefore, an 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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‘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 of 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 the identification of
exactly the genes conferring resistance, tolerance or adaptability leading to gene
discovery, allele mining and shuttle breeding which in turn opened up the scope
for ‘designing’ or ‘tailoring’ crop genomes with resistance/tolerance to biotic and
abiotic stresses.

Tomymind, themission of agriculture in this century is FHNEE securitymeaning
food, health, nutrition, energy and environment security. Hence, genome designing
of crops should focus on breeding of varieties with higher yields and improved qual-
ities of the five basic F5 utilities, nutritional and neutraceutical compounds and other
industrially and aesthetically important products and the possibility of multiple util-
ities. 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 quan-
tity and quality and alsowill 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 include the 100-plus books edited by me.
However, there are no comprehensive reviews or books available that have 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 “GenomicDesigning for Biotic Stress Resistant Vegetable Crops”
includes nine chapters focused on Tomato, Potato, Pepper, Eggplant, Vegetable Bras-
sicas, Cucurbits, Onion and Garlic, Vegetable Amaranths and Carrot contributed
by 49 scientists from 9 countries including Canada, Egypt, India, Italy, Norway,
Republic of Korea, Spain, Uruguay and USA. 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 ambiance to
pursue my efforts for science and society pleasantly and peacefully.

New Delhi, India Chittaranjan Kole
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Chapter 1
Genomic Tools for Improving Tomato
to Biotic Stress Resistance

Ciro Gianmaria Amoroso, Dilip R. Panthee, Giuseppe Andolfo,
Felipe Palau Ramìrez, and Maria Raffaella Ercolano

Abstract Tomato (Solanum lycopersicum L.) is one of themost important vegetable
crops. It also represents a model plant for studying genetic traits related to disease
and pest resistance and molecular processes underlying plant-pathogen interactions
mechanisms. Tomato crop can be endangered by stressful conditions, which can
cause intensively yield lost in temperate areas. In the next years, it has been forecast
that rising temperature and CO2 levels, will affect agricultural production globally.
The sequencing of tomato reference genome (S. lycopersicum Heinz 1706) allowed
to improve our knowledge on important agronomic traits. In this species, important
breeding achievements have been obtained thanks to extensive molecular mapping
and molecular assisted selection (MAS) efforts. The advent of genomic-based tech-
nologies facilitated the identification of genes involved in tomato biotic stress and
the design of more tailored varieties. Databases collected on tomato large-scale data
were developed and are available to support the identification of genetic resources,
markers, key genes, proteins and biochemical processes involved in biotic stress resis-
tance. Different plant genetic engineering approaches were applied to promote more
precise genome modification processes. Stable or transient plant transformations
can be used to develop new resistant tomato lines able to adapt to the rapid climate
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changes and new diseases spreading. To date, laws about genetic modified (GM)
tomatoes are quite stringent in many countries, but researchers made great progress
using alternative biotechnological methodologies, based on DNA repair mechanisms
such as genome editing technology, able to generate short insertion/deletion (InDel)
in specific genomic locations leading to highly selective mutation. The current legal
system on plant variety rights should be updated according to new biotechnolog-
ical advances. The increasing knowledge on tomato overall response to biotic stress,
including genome signature, gene identification, proteins and metabolite function
combined to emerging biotechnological methodologies will unfold the full potential
for accelerating tomato breeding for biotic stress resistance.

Keywords Lycopesicon esculentum · Disease resistance · Sequencing · Molecular
markers · Database · Biotechnology · Plant-breeding rights

1.1 Introduction

1.1.1 Economic Importance of Tomato

Tomato (Solanum lycopersicum L.) is a species native of South America belonging
to Solanaceae family that includes many other economically important vegetable
crops such as potato (Solanum tuberosum L.), pepper (Capsicum annuum L.), and
eggplant (Solanum melongena L.). Tomato production in 2019 reached a worldwide
global value of 182 million tons with a cultivated area of 4.8 million hectares. More
than 60% of total production is concentrated in Asia, followed by Europe, America,
and Africa with 13.5%, 13.4%, 11.8% of total production, respectively (FAOSTAT
2019). A picture of the economic importance of tomato worldwide is given by its
global market value. The six major countries playing a significant role in the tomato
international market are USA, Spain, Portugal, Italy, China and India (Fig. 1.1),
which in 2018 produced a total revenue of $190.4 billion with an average annual rate
of increase of 3% in the previous 10 years.

The economic and nutritional importance of tomato, place it among the most
widely studied crop, becoming a plant model to understandmolecular process related
to development, fruit metabolism, and plant pathogen interaction (Liu et al. 2018;
Quinet et al. 2019). Tomato genome sequence released in 2012 represents an impor-
tant resource for the improvement of agronomic traits, becoming in few years an
essential tool for basic and applied research (Tomato Genome Consortium 2012;
Sahu and Chattopadhyay 2017).
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Fig. 1.1 Tomato production in tons, based on data from the Food and Agriculture Organization
Corporate Statistical Database (FAOSTAT 2017)

1.1.2 Reduction in Yield and Quality Due to Stress

Severe yield losses due to major pests and diseases can cause considerable yield and
fruit quality reduction in tomato (Severin et al. 2001). Several diseases are caused
by bacteria (Xanthomonas campestris pv. vesicatoria, Pseudomonas syringae pv.
syringae) fungi (Alternaria porri f. sp. solani, Cladosporium fulvum, Phytophthora
infestans, Verticillium dahliae and Fusarium oxysporum) and virus such as Tobacco
Mosaic Virus (TMV), Tomato Spotted Wilt Virus (TSWV), Tomato Yellow Leaf Curl
Virus (TYLCV) and Tomato Brown Rugose Fruit Virus (ToBRFV) (Thompson and
Tepfer 2010; Mândru et al. 2017). High atmospheric humidity and the presence
of drops of water on the foliage can promote infection of Phytophthora infestans,
Xanthomonas campestris pv. Vesicatoria, and Pseudomonas syringae pv. syringae
(Costache et al. 2007; Tamir-Ariel 2007). Cladosporium fulvum in favorable condi-
tions may cause premature defoliation, affecting the photosynthetic activity of
affected plants and the consequent productions (Babadoost 2011). Alternaria porri
f. sp. solani and other major tomato pathogens, can cause collar rot in the basal
part, leaf and stem stains and rotting of fruits (Walker 1952). Sometimes biotic and
abiotic stresses can act synergistically or additively causing stronger symptoms and
serious damages (Cappetta et al. 2020a, b). Some studies showed that modulating
the reactive oxygen species (ROS) response could be an important way to improve
plant multi-stress tolerance (Sewelam et al. 2016). Depending on the plant stage and
duration of the stress and interaction with other stresses yield loss can increase up to
70%. Taken together these data point out that if tomato stresses are not adequately
treated it can lead to more than $133 billions of economic losses every year.
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1.1.3 Impact of Climate Change

The major agricultural challenge is to provide food and nutritional security to the
annually growing global population. Tomato world consumption is increasing from
year to year. In 2018/2019 the estimated global consumption was 38.3 million mT
(rawmaterial equivalent) with an 8% increase against the previous year (35.5 million
mT) and 4% increase compared to the average of the three previous years (Branthôme
2020).

Countries that typically showed the highest tomato consumption belong to the
North American and Western European nations that to date remains the main
commercial route for tomato products. However, it is important to highlight the
increasing importance in the global market of emerging regions especially in the
Middle East, South America, the Far East, and West Africa. Tus, the increasing
tomato demand places these markets at the same level of the “classical” markets of
America and Europe demand of which is in slightly decline; in total these two areas
are accounted for approximately the 44% ofworld tomato consumption. It seems that
on mentioned markets are growing fast from the beginning of the new millennium,
and it is probable that in the next years they will reach a complete “maturity”.

It is known that the climate is changing, average temperatures of our planet have
risen about 1 grade Celsius over the last 200 years. In particular, the past 20 years
have seen a rapid increase in global warming (Fig. 1.2). Every year there are new
record temperatures with 2020 that has been registered as the warmest year ever.

Climate changes are in part consequential stages of our planet, but they are also
driven and speed up by atmospheric greenhouse gases, land transformation and other
human-made emissions into the atmosphere (Asseng et al. 2015). The “global warm-
ing” process is arousing an increasing interest in recent years, due to its high impact
on human life, including the rivers and lake drying, animal species extinction and
a substantial reduction of crop productivity (Wheeler and Von Braun 2013; Fahad
et al. 2017). There is a real risk that climate changes that can affect the food security

Fig. 1.2 Mean annual
temperature measured
globally and, in each
continent in last two decades
(FAOSTAT 2021)
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worldwide. The global warming can reduce food availability or affect food quality.
Climate change is mainly refleced in extreme weather events, and reductions in
water availability, with huge impacts on agricultural productivity. For instance, in
Italy, one of the major tomato producers worldwide, 2019 production season regis-
tered a reduction of tomato yield due to persistent rainfall and temperature variation
from the seasonal average. Due to these climate effects, tomato plants showed a
slow fruit ripening, because of winds and storms that damaged the fruits, and sudden
heatwaves that reached 40 °C. Overall stressful conditions caused a 50% of total
yield lost in temperate areas.Different published models show how in the next years
rising temperature, and more elevated CO2 levels will affect agricultural production
all around the world (Kheir et al. 2019).

1.1.4 Limitations of Traditional Breeding and Rational
of Genome Designing

Traditional plant breeding allowed breeders to obtain improved tomato varieties
through techniques based on phenotypic selection. However, several years are
required to develop a new and stable variety (in terms of phenotypical and genotyp-
ical traits), which may not meet the requirements related to the fast climate changing
scenarios described above. Innovative technologies potentially can address many
of these challenges. The design of more tailored varieties can take advantage of a
more precise and complete understanding of plant functioning. A global vision of
overall tomato response to biotic stress, including genome signature, gene identi-
fication, proteins and metabolite function can be obtained by combining different
genomic methodologies. Integration of computational data showed to be effective in
identifying key components of stress response (Cappetta et al. 2020a). The develop-
ment of molecular marker techniques and their applications drastically changed the
fate of plant breeding for biotic stress in tomato (Ercolano et al. 2012). However,
marker assisted selection (MAS) for quantitative trait loci (QTLs) is promising and
strategies able to predict the genomic potential can be more effective. In this regard,
genomic selection (GS) provides new opportunities for selection using genome-wide
marker data (Cappetta et al. 2020a, b). Transcriptomic analysis of plants exposed
to biotic stresses allow identifying important targets involved in disease resistance
process (Padmanabhan et al. 2019; Zhao et al. 2019). To date, different engineering
approaches to obtain disease resistant varieties based on genetic transformation, RNA
silencing strategies, and emerging gene editing techniques were developed. Overall,
established and emerging technologies such as transcription activator-like effector
(TALE) and clustered regularly-interspaced short palindromic repeats (CRISPR)
associated Cas protein 9 (CRISPR/Cas9)-based technologies enlarged the range of
opportunities for obtaining tomato resistant varieties (Andolfo et al. 2016). Genomic
editing tools allow to modify DNA sequence in a thoroughly selective manner,
resulting very promising breeding tools (Malzahn et al. 2017; Waltz 2018).
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1.2 Molecular Mapping for Disease Resistance

1.2.1 A Brief History of Mapping Efforts

Since restriction fragment length polymorphism (RFLP) marker was first used for
genetic mapping in 1980 (Botstein et al. 1980), a variety of DNA-based molec-
ular markers have been developed that have been used in plant breeding to select
the plants of interest from segregating populations without phenotype screening
(Tanksley et al. 1989; Yang and Francis 2005; Foolad 2007; Foolad and Panthee
2012). The abundance of single nucleotide polymorphisms (SNP) and the advent of
next-generation sequencing (NGS) makes it more feasible to simultaneously select
thousands of markers, which allows cultivar development with significantly reduced
phenotypic screening, hence shortening the breeding cycle. Although, single marker
cost is low, the high total cost prevents many breeders from adapting GS in their
breeding practice.

Different approaches have been adopted to map and fine-map the gene(s) and
QTLs in tomato. Depending upon the purpose, various mapping populations have
been used for mapping QTLs in tomatoes. An F2 population derived from crossing
two inbred lines has the advantage to reduce the time to generate it. Backcross
populations (BC) including BC1 and BC2 are extremely useful while doing targeted
mapping. Both F2, as well as BC populations, are early generations. Recombinant
inbred line (RIL) populations get a better estimation of additive effects of QTLs
and trials can be replicated. However, it takes a long time to develop them. Several
tools such as Map Maker, QTL Cartographer, Join Map, iCIMapping, QTL Mapper,
MapChart, SolQTL, R/QTL, and Map/QTL can be employed to perform a mapping
experiment, two major reviews report details to better exploit them (Cheema and
Dicks 2009; Semagn et al. 2010).

1.2.2 Molecular Genetic Maps

Tomato genetic maps has been created by using the previously mentioned soft-
ware. There are several genetic maps developed using mapping populations derived
from Solanum lycopersicum by wild relatives (S. pimpinellifolium, S. pennellii, or S.
habrachaites). Those populations used for mapping are F2, backcross, or RILs. The
first molecular linkage map in tomato was developed in 1992 using RFLP molecular
markers consisting of 1,030 RFLP markers (Tanksley et al. 1992). This map was
updated combining cleaved amplified polymorphic sequences (CAPS), RFLP and
simple sequence repeat (SSR) marker information in Tomato EXPEN2000 (Fulton
et al. 2002; Frary et al. 2005).Amore comprehensivelymapwas later obtained adding
a fewmore CAPS, SNPs, and expressed sequence tag (EST) and SSRmarkers which
is widely called the Tomato-EXPEN2000 map (Shirasawa et al. 2010). The total
length of the chromosome was 1,503.1 cM resulting from a total of 2,116 molecular
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Fig. 1.3 Genetic linkage map of tomato genome derived from S. lycopersicum× S. pennellii using
2,116 molecular markers spanning 1,503.1 cM genetic distance (Shirasawa et al. 2010)

markers (Fig. 1.3; Shirasawa et al. 2010). A comprehensive list of mapping popu-
lations, markers types, number of markers, and publication information is provided
by Labate et al. (2007).

1.2.3 Mapping Efforts for Identifying Resistance Traits
to Major Tomato Fungal Diseases

Several bacterial, fungal, and virus diseases are common in tomatoes causing a
significant yield loss throughout the world. There is a considerable research interest
to investigate the genetic control of these diseases so that resistance genes or QTL
can be introgressed.

Among the major diseases, late blight (LB), caused by Phytophthora infestans
de Bary, is one of the most important diseases in the world in tomato. Three genes
Ph1, Ph2, and Ph3 have been identified to confer resistance to this disease. The
dominant gene Ph1 was identified in the wild relative Solanum pimpinellifolium
and was mapped to the distal end of chromosome 7 (cited in: Foolad et al. 2008).
However, this gene was not effective for a long time due to the emergence of new
races of P. infestans. The Ph2, a partially dominant gene was found in the same
wild relative S. pimpinellifolium, which was mapped to chromosome 10 (Moreau
et al. 1998). The resistance conferred by this gene was also not found effective for a
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long time. The Ph3 was identified from LA3708 of S. pimpinellifolium, which was
mapped to chromosome 9 (Chunwongse et al. 2002).

In addition, QTLs associated with late blight resistance were found on chro-
mosome 4 7, 8 and 12 in Solanum habrochaites (Brouwer et al. 2004; Li et al.
2011).

Quantitative resistance to LB has also been reported from LA716 (S. penelli)
(Smart et al. 2007). In addition, QTLs conferring resistance to LB were mapped
on chromosome 5 (Haggard et al. 2013), and on chromosome 11 (Haggard et al.
2015). In order to make the resistance durable, Li et al. (2011) have suggested the
pyramiding of resistance gene and/or QTLs from multiple species.

Subsequently, finemapping of theseQTLsmade potentialMAS for LB resistance.
In another population derived from intraspecific crosses, the location of minor QTLs
was found close to the R gene (Panthee et al. 2017). Such QTLs resulted consistent in
all the environments tested, although the LOD score was slightly different (Fig. 1.4;
Panthee et al. 2017).

Early blight (EB) resistance is a quantitative trait, which makes selection more
difficult. Foolad et al. (2002) used a backcross population derived from NC84173 ×
PI126445 to map resistance QTLs for EB. They found ten resistance QTLs for EB in
both BC1 and BC1S1 populations, which were highly consistent across generations,
and years explaining 8.4–25.9% of total phenotypic variation (Foolad et al. 2002).
A selective genotyping approach detected seven QTLs for EB resistance, validating

Fig. 1.4 Mapping Ph-3 on chromosome 9 in segregating tomato population derived from an
intraspecific cross (Panthee et al. 2017)
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four of detected in a previous study using PI126445 of S. habrochaites (Zhang et al.
2003). A trait-based marker analysis for resistance to EBwas performed in F2 and F3
populations derived from a cross between S. lycopersicum cv. Solentos (susceptible)
and Solanum peruvianum LA2157 (resistant) (Chaerani et al. 2007). A total of six
QTL regions were mapped to chromosomes 1, 2, 5, 6, 7, and 9, including three
resistance QTLs to stem lesions in the field that explained 35% of the phenotypic
variation. After extensive screening of 300 accessions of S. pimpimellifolium, an
accession LA2093 with good EB resistance was selected for QTL mapping (Ashrafi
and Foolad 2015a, b). Ten QTLs conferring EB resistance on chromosomes 2, 3, 4,
5, 6, 7, 9, and 12with individual effect of 7.6×13.4% and combined effect of 44% of
total phenotypic variance were detected (Foolad et al. 2008). In another study, five
major QTLs for EB resistance were identified on chromosomes 2, 5, 6, and 9, using
RILs of the same cross (LA2093 × NCEBR-1) (Ashrafi and Foolad 2015a). QTLs
on chromosomes 2 and 6 were from LA2093, whereas QTLs on chromosomes 5 and
9 were from NCEBR-1. Two stable QTLs on chromosomes 5 and 6 were used in EB
resistance breeding. The detected QTLs were also co-localized with other resistant
genes and candidate ESTs (Ashrafi and Foolad 2015a). A review on EB resistance
including QTL mapping is provided by Adhikari et al. (2017).

Fusarium wilt caused by Fusarium oxysporum f. sp. lycopersici (Fol) is a devas-
tating disease of tomato (Agrios 2005). Three races, race-1, race-2, and race-3, of Fol
have been reported to cause this disease. Corresponding to these races, three loci I-1,
I-2, and I-3, have been identified which confer resistance in tomato (Sarfatti et al.
1989, 1991). The I-2 was mapped between the RFLP markers TG105 and TG36,
0.4 cM from TG105 on chromosome 11 (Ori et al. 1994). The I-3 gene from wild
tomato S. pennellii accessions LA716 and PI414773 that confers resistance to Fol
race 3 was mapped to chromosome 7 (Hemming et al. 2004).

In contrast to the fungal diseases discussed above, there is a lack of knowledge
on QTL and molecular markers for Septoria leaf spot (SLS), Verticillium wilt (VW),
Powdery mildew (PM), and other fungal diseases of tomatoes.

In summary, several disease resistance genes have been mapped onto the tomato
genome. It has helped to advance the MAS in tomato breeding programs throughout
the world.

1.3 Marker-Assisted Breeding for Disease Resistance

1.3.1 Germplasm Characterization and DUS

Germplasm characterization is one of the foundations for launching successful plant
breeding. Phenotypic characterization was the basis for the identification of suitable
germplasm to be used as parents in a breeding program. With the abundance of
molecular markers and their association with several disease resistance traits, this
information can be utilized for the selection of germplasm in a breeding program.
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After selection, variety registration is an important step to provide the plant breeders
right and to regulate the seed production process. For that, a variety to be eligible to
be released as a unique variety, should meet the criteria of distinctness, uniformity,
and stability (DUS). Some of the traits are difficult to measure phenotypically to
provide the DUS certification. In this case, molecular testing might be useful. It has
been optimized and employed for the testing of some of the diseases in tomatoes as
explained by Arens et al. (2010). A similar approach can be adapted for other crops
as well.

1.3.2 Marker-Assisted Gene Introgression

Molecular markers associated with disease resistance genes have been optimized
and used extensively (Foolad and Panthee 2012). Molecular markers can be used
when plants are very young, saving the field stage. The use of molecular markers at
early generation also helps to discard the unwanted materials advancing the useful
materials. The use of reliable molecular markers helps to even avoid phenotypic
characterization. This is useful when inoculum pressure or screening facility is an
issue for some of the diseases or evaluation of some of the diseases may be extremely
difficult because of their safety concern. TheMAS can be more effective than pheno-
typic selection under certain situations, including when there is a lack of selection
environment such as enough inoculum pressure, trait expression is developmentally
regulated, the trait is controlled by a recessive gene(s), or multiple trait selection is
desired (Foolad and Panthee 2012).

1.3.3 Gene Pyramiding

Combining multiple sets of genes in a single genotype is the goal of a plant breeder.
While they have been doing it by conventional breeding for a long time, it is very
time-consuming. The MAS has been instrumental to combine the multiple genes in
a single genotype. Gene pyramiding has been done to combine late blight (Ph2 and
Ph3), root-knot nematode (Mi-1.2 gene), and Tomato Yellow Leaf Curl Virus (Ty1,
Ty2, and Ty3 genes) resistance genes in tomato (Kumar et al. 2019; Kim et al. 2020;
Prabhandakavi et al. 2021). It would have taken at least ten years to combine all three
genes in a single genotype by a conventional method. It took a single season by the
use of molecular markers.


