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Abstract

Alternaria spp. is a polyphagous necrotrophic pathogen and infects many crops.
In tomato, two species of Alternaria, namely A. solani and A. alternata cause
infection. Particularly, A. solani infects leaves/stem and causes early blight (EB),
which is a major yield-limiting disease of tomato worldwide, while A. alternata
only infects fruit and stem leading to canker disease. This virulent pathogen
causes severe damages to both fruits and plants of tomato. In the past decades,
this disease was managed through an integrated approach using chemicals and
bio-fungicides as well as through host-plant resistance. In the era of molecular
biology, the ongoing efforts to reduce the pathogenic nature of Alternaria species,
integration of omics technologies such as genomics, transcriptomics, proteomics,
and metabolomics have recently been an advanced approach for understanding
the pathogenesis and defense mechanisms involved in Alternaria and tomato
plant interaction. The studies of omics will offer a basis for improving breeding
programs through genetic manipulation that will ultimately lead to the possible
protection of tomatoes from EB infection. In this chapter, we have described the
disease symptoms, epidemiology, and current integrated management practices
for EB along with knowledge gaps. In addition, an attempt is made to highlight
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the current research progress in tomato plant responses against EB stress using
omics tools. We also deliberate the break that recent technologies of omics can
provide to investigate tomato–EB pathogen interaction to project potential man-
agement strategies through crop improvement.
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4.1 Introduction

Worldwide, tomato, Solanum lycopersicum L. is one of the most important
vegetables cultivated for its edible fruits, grown for various purposes such as for
use as fresh as well as several industrial purposes (Islam et al. 2013). According to a
report of FAO (2018), the total world production of tomato was 182 million tones
(MT), with China as the largest producer of tomato producing 61.5% MT of tomato
annually, followed by India (19.4 MT), USA (12.6 MT), Turkey (12.2 MT), and
Egypt (6.6 MT). Tomato is a rich source of 17% of vitamin C of the daily value,
contains 4% carbohydrates, and<1% each of protein and fat (FAO 2018). However,
the worldwide production of tomatoes is constrained by several biotic and abiotic
stresses, which adversely affect the quantity, quality, and profitability (Engindeniz
and Ozturk 2013).

In biotic stresses, the diseases caused by fungal pathogens are particularly crucial
in terms of production and quality (Sain and Pandey 2016). During the cropping
periods, tomato plants are attacked by several roots and foliar fungal diseases. The
wilt caused by Rhizoctonia solani and Fusarium oxysporum f. sp. lycopersici and
damping-off by Pythium aphanidermatum are the major root rot diseases, while
early blight incited by Alternaria solani or A. alternata, Septoria leaf spot by
Septoria lycopersici, and late blight by Phytophthora infestans are the major foliar
fungal diseases (Agrios 2005).

Among these diseases, early blight (EB) is one of the most severe diseases of
tomato, causing 50–90% loss of the total production worldwide under favorable
condition (Iqbal et al. 2019). For the management of this disease, growers rely on the
use of chemicals (Mizubuti et al. 2007) and biological fungicides. But, the
bio-fungicides are slow in their activity, and due to the retention of chemical
fungicide residues in the vegetables, their use should be minimized (Stangarlin
et al. 2011) and necessitates an alternative for disease management. In addition,
small farmers growing tomatoes do not practice protective gears during the applica-
tion of chemical fungicides and are not aware of the dilution instructions, thus
compromising their own safety (Damalas and Koutroubas 2015). Therefore, these
requirements have become more severe, especially in the amounts of chemical
residues remaining in the fresh vegetables (European Commission 2012).
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During recent years, using omics technology for the management of diseases of
tomatoes has been found helpful to reduce the fungicidal risks problems (AbuQamar
et al. 2016). Understanding the host responses and mechanisms toward a particular
disease by deploying omics technologies is essential to improve the defense mecha-
nism of tomato plants through breeding programs or by emerging ad hoc biotech-
nology strategies. Particularly, there is a great interest to improve tomato crops that
could be free from EB, due to its global relevance as fresh and processed produce.
Available literature revealed that little work has been done on the role of omics
technology such as genomics or transcriptomics, proteomics, and metabolomics in
understanding the Alternaria � tomato interaction and the management of EB. This
chapter captures the latest significant studies in epidemiology, host range, and
current integrated disease management strategies. In addition, we focus on the
modern approaches regarding recent omics interventions for the potential manage-
ment of EB disease along with knowledge gaps to deliver a role for the exploitation
of candidate genes of interest and their additional analyses, offering trait-specific
markers suitable for the improvement of tomato.

4.2 Disease Symptoms and the Biology of Causal Organism

Different pathogenic species of Alternaria can be distinguished by the symptoms
produced on different plant parts. Initially, symptoms appear on the lower leaves as
concentric rings in dark brown spots, which is the primary characteristic symptom of
this disease (Fig. 4.1a, b). During humid weather, the disease progresses upwards,
the areas affected by pathogen merge and form dark brown patches on the whole
leaves. Under severe conditions, infected leaves may shrink and fall prematurely,
resulting in early defoliation. On fruits, the infection takes place at the stalk end in
the form of dark brown spots near the place of attachment with the fruit (Fig. 4.1c).

Worldwide, five different species of Alternaria, namely A. alternata, A. linariae
(syn. A. tomatophila), A. solani, A. tenuissima, and A. grandis have been identified
as the causal agents of EB of tomato (Bessadat et al. 2017). However, A. solani (Ell.
And Mart) and A. alternata (Fr.) are the prevalent species. The mycelium of
A. solani consists of branched, septate, light brown hyphae, which with age become
darker. Conidiophores are relatively shorter, i.e. 50–90μm with dark color.
Alternaria conidia are typically beaked, muriform, dark, and borne single or in
chains, with 5–10 transverse septa and some time in each conidium a few longitudi-
nal septa are present (Fig. 4.1d). Alternaria alternata possesses much fluffy margin
with off white color colonies, which turn into dusky neutral gray within 96 h. Later
these colonies become nearly grayish black.
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4.3 Host Range and Pathogen Variability

The Alternaria species has a wide host range. It infects both arable crops such as
crucifers, solanaceous crops, leafy vegetables (Loganathan et al. 2016) and planta-
tion crops like tea, coconut, etc. (Rao and Subrahamanyam 1976). Based on patho-
genicity tests on tomatoes, both A. alternata and A. solani isolates have been
classified under the virulent category (Loganathan et al. 2016). Few species of
A. solani (non-pathogenic) have been found to promote growth in chili plants instead
of its pathogenic nature (Mauricio-Castillo et al. 2020). It is also reported the
A. solani isolated from the different hosts exhibited pronounced variability in their
pathogenicity. Also, the growth of isolates was influenced by the type of nutrients
provided in the media, and among the different sources of nutrition provided, V8
juice agar supported the sporulation of the fungus (Pasche et al. 2004; Kumar et al.
2008). Several researchers reported the effect of lights such as blue or UV light on
the sporulation of A. solani and other species, A. tegetica, A. alternata, and
A. kikuchiana (Prasad and Dutt 1974; Cotty 1987; Fourtouni et al. 1998).

Fig. 4.1 Early blight symptoms of tomato on leaves (a), stem (b), fruits (c), and conidia of
Alternaria solani (d)
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4.4 Epidemiology and Disease Development

The Alternaria species infect tomatoes are overwintered in diseased plant debris. It
can survive in, or on the soil, atleast one of perhaps several years. The pathogen is
seed-borne (Khulbe and Sati 1987; Shahida and Abdul 1995) and can be introduced
through the infected seeds. Primary infection takes place first on lower leaves, and
conidia are formed in crop debris left in the soil. The conidia developed on the
primary spot helps in the secondary spread of the disease. These conidia are blown
by wind or water or insects through the neighboring leaves/plants. The infection
generally occurs through stomata, but Alternaria spp. are also capable of direct
penetration.

The disease severity was reported maximum in crops sown during June–July
compared to September–October and January–April planted crops (Data and Mayee
1981). Prevalence of high humidity and soil moisture favors the disease develop-
ment during July, August, and September months. The optimum temperature
required for the growth of Alternaria spp. is 28–30 �C for A. solani and 20–25 �C
for A. alternata (Sahi 1990; Singh 1995). Once the infection has occurred, conidial
dispersion continues throughout the growing season. Datar and Mayee (1982)
reported the maximum dispersal of conidia occurs during the advanced stage of
the symptom development and particularly between 9 am and 12 pm.

Among the fungal diseases, EB incited by A. solani or A. alternata is one of the
major severe concerns due to substantial yield losses in tomatoes. This ascomycete
pathogen usually infects tomato, potato, and eggplant. The disease is promoted by
warm temperature with long periods of leaf wetness, dew, rainfall, and dense
cropping. During the fruiting period, tomato plants become more susceptible to
this pathogen (Cerkauskas 2005; Momel and Pemezny 2006). Although the disease
is termed as EB, it may occur at all stages of development. Early blight occurs in
three phases, leaf spots, fruit rot, and stem canker. Still, the foliar phase is more
destructive and accountable for significant economic losses sustained by tomato
producers (Chaerani and Voorrips 2006). The EB fungus can survive for several
days on the infected seeds, but it is still speculative that in the next season, whether
the seed-borne inoculum serves as a source of primary infection (Datar and Mayee
1982).

4.5 Existing Disease Mitigation Strategies

For the long term management of this disease, integrated disease management (IDM)
strategies such as crop rotation, breeding of resistant cultivars of tomato, use of
chemical and bio-fungicides have been practiced. Since Alternaria is both seed and
soil-borne pathogen, both seed treatment and foliar application are recommended for
disease management. Chemical and biological controls are the frequently adopted
control measure for EB.
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4.5.1 Chemical Fungicides

As far as chemical fungicides are concerned, mancozeb, hexaconazole, and zineb are
effective at different concentrations against EB in both in vitro and in vivo
conditions (Raza et al. 2016). At present, mancozeb is the most frequently used
fungicide against EB (Singh et al. 2020). Majumder et al. (2016) reported that ED50
(effective dose) of nanoformulation of mancozeb against A. solani was in the range
of 1.31–2.79 mg/L. In addition, mancozeb has also reduced the disease incidence of
EB in the Pusa Ruby variety of tomato (Kumar and Srivastava 2013; Gondal et al.
1993). Besides, mancozeb, hexaconazole (0.05%), and azoxystrobin have also
significantly managed the EB (Kumar et al. 2007). However, in the study of
Arunkumar (2006) only azoxystrobin at 0.05, 0.1, and 0.15% was found to be
more effective against EB than chlorothalonil, pyraclostrobin, and mancozeb. On
the contrary, Singh and Singh (2006) reported that hexaconazole was more effective
than chlorothalonil, azoxystrobin, mancozeb, propineb, and copper oxychloride.
Recently, Farooq et al. (2019) observed that pyraclostrobin was more efficient
against EB pathogen at 500 ppm, than that of hexaconazole and carbendazim. The
variable range of efficacy reported for the fungicides may be due to the different
isolates of the pathogens or active ingredients present in the chemical fungicides.

In addition, the fungicide resistance has also been reported for the EB pathogen,
A. solani due to the higher pathogenic and genetic variability among different
isolates, isolated from various agro-climatic regions (Pasche et al. 2004) and it
could also break down the genetic resistance of the host (van derWaals et al.
2004). Therefore, to reduce the risk of chemical fungicide resistance, fungicides
rotation strategies, use of different modes of action of fungicides through mixing
should be executed at the regional and national level where fungicide resistance is a
severe problem in EB prone areas. The increased use of fungicides to mitigate EB of
tomato requires the implementation of alternative disease control practices.

4.5.2 Biological and Botanical Control

In recent years, to minimize the use of chemical fungicides, investigations were
carried out to use the microbial biocontrol agents (MBCAs) and botanicals to combat
EB where it was severe. There are several formulations of Trichoderma spp. and
Pseudomonas spp. available in the markets that can be used against EB, and their
efficacy has been confirmed by conducting several investigations. In the late 2000s,
Varma et al. (2008) investigated that foliar spray of T. viride reduced EB severity
caused by A. solani. Other reports also evidenced that the antagonist’s Bacillus
amyloliquefaciens, Pseudomonas fluorescens, and T. harzianum were efficiently
controlled EB incidence in tomato (El-Rafai et al. 2003; Camlica and Tozlu 2019).

The antagonistic potential of these MBCAs is attributed to several extracellular
enzymes, PAL (phenylalanine ammonia-lyase), defense enzyme and oxidative
enzymes (polyphenol oxidase, peroxidase and superoxide dismutase), several anti-
fungal metabolites, presence of several enzymes and secondary metabolites (β-1,3-
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glucanase) produced by these MBCAs (Montealegre et al. 2010; Chowdappa et al.
2013). However, the slow activity of the MBCAs based fungicides limits their
application in EB management. In addition, the application of neem leaf extracts
has also been used to control EB incidence in tomato (Raza et al. 2016). In particular,
the active ingredient of neem leaf can be used for the formulation of next generation
fungicides that will have broad application in IDM as well as to reduce the residue
level and fungicide resistance problems.

4.6 Exploitation of Omics Approaches in Understanding
Tomato 3 Alternaria Interactions and for EB Management

To reduce the losses in tomato due to EB, developing resistant varieties can be an
economical and most effective management strategy (Panthee and Chen 2010;
Adhikari et al. 2017). For the development of resistant varieties, investigators
applied several genetic approaches. In particular, tomato plants show a high degree
of similarity in gene sequence with other solanaceous crops (Kumar and Khurana
2014), making the investigation easy to understand the genetic programs based on
interspecies knowledge transfer. The recent methodologies have established many
efficient omics methods to untangle the molecular mechanisms of tomato plant
response to A. solani to improve the detection and diagnosis of the pathogen
(Fig. 4.2).

Historically, in an organism the genome is a whole set of chromosomes, which
comprises all genes. The entire set of non-coding and coding RNAs is called a
transcriptome, while the collected proteins derived from a genome are termed as
proteome. Conversely, all metabolites present in the plant system are called the
metabolome. However, the defense systems in plants against a particular pathogen
cannot be studied uniquely through the genomic or transcriptomic methods, as they
involve not only the expression of several defense-related genes, but also the
incidence of post-translational modification or metabolites accumulation, affecting
the final gene products expression.

The omics tools such as metabolomics and proteomics, enabling the proteins and
metabolites interactions downstream of plant gene expression, may be practically
pooled with genome and transcriptome. Although these approaches are complex,
they can enhance our understanding of plant response mechanisms to fungal patho-
gen and other associated MBCAs, endophytes, and PGPR in a comprehensive way.
Moreover, the methods of metagenomics enable the further understanding of the
plant � associated microorganisms, offering an innovative prospect to sustain and
manage the production of tomatoes at larger scale, based on microbiomes.
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4.6.1 Search for the Resistant Cultivars against EB and Nature
of Resistance

The investigations were carried out worldwide to search the resistant/tolerant
cultivars of tomato against EB (Adhikari et al. 2017). However, till date there are
few EB-resistant tomato genotypes available. Out of 401 tomato genotypes screened
by Akhtar et al. (2019), only one genotype, i.e. “21,396” was found resistant against
EB. In addition, some investigators found that several wild species (Solanum
pimpinellifolium, S. peruvianum, S. chilense, and S. habrochaites) have been
identified as potential sources of resistance against EB (Poysa and Tu 1996;

Fig. 4.2 Schematic explanation of omics approaches used in future projects in the improvement of
resistance/tolerant to EB of tomato (PPI protein–protein interaction, DIGE differential gel electro-
phoresis, GC-MS gas chromatography-mass spectrometry)
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Thirthamallappa 2000; Foolad et al. 2000). Thus, these wild species can be exploited
in the breeding program.

In addition, HRC-G90.158, HRC90.145, HRC90.159, (Poysa and Tu 1996), and
IHR1816 F (Thirthamallappa 2000) have shown resistance toward EB. From India,
Lohith et al. (2011) reported four genotypes, such as EC251717, EC251709,
EC164295, and LE15 of tomato resistant against EB. In a recent report six genotypes
of tomato, such as NCEBR-1, NCEBR-4, Arka Rakshak, Arka Alok, Arka Saurabh,
and 8-3-3 have shown EB resistance (Amarnath et al. 2019a, b); however, these
genotypes were resistant in lab conditions and need further screening in the field.

Unfortunately, in the germplasm of tomatoes, there are only a few studies
describing wide explorations for promising resistance sources to an EB pathogen
(Adhikari et al. 2017; Nasr Esfahani 2019). In addition to 401 genotypes, Akhtar
et al. (2019) also screened inbred lines and 72 genotypes from ten species of wild
Solanum and found that none of the inbred lines was immune, highly resistant, or
resistant. However, some genotypes derived from S. galapagense (1), S. peruvianum
(1), S. pimpinellifolium (5), S. habrochaites (5 introgression lines), S. pennellii
(2 introgression lines), S. lycopersicum E-6203 � S. pimpinellifolium LA1589
(eight RILs) showed moderately resistant reaction. In tomato, the nature of resistance
is reported as polygenic in nature. Consequently, some genes present in tomato may
confer resistance to the leaf blight, whereas others may contribute stem or fruit rot
resistance (Stancheva et al. 1991; Chaerani et al. 2007). However, Barksdale and
Stoner (1977) reported that stem lesion resistance of EB was independent of EB
resistance on the leaves.

In the past decades, in the genotypes C1943 and 71B2, the EB resistance genes
were reported recessive and not allelic (Maiero et al. 1989). However, the F1 hybrids
were intermediate when these two resistance genes were crossed with another
susceptible genotype, indicating partial dominance or additive genetic control
(Maiero et al. 1989). Besides, the recessive genes have also been identified in the
genotypes 83,602,029 (Stancheva et al. 1991) and IHR1816 and IHR1939
(Thirthamallappa 2000) derived from S. lycopersicum. In addition to this, in
S. pimpinellifolium and S. habrochaites the partial dominant inheritance has been
reported (Martin and Hepperly 1987). Another tomato genotype, i.e. 87B187
derived from PI390662 (S. habrochaites), shared common resistance genes with
the genotype NCEBR-2 (Maiero et al. 1990a, b), even though this genotype was
developed via S. lycopersicum source, C1943. Moreover, Thirthamallappa (2000)
investigated independent genes in the genotypes IHR1816 and IHR1939, which
were derived from S. pimpinellifolium and S. habrochaites, respectively.

4.6.2 Identification of Quantitative Trait Loci (QTLs) for Resistance
to EB

The quantitative trait nature of EB makes selection more problematic as compared to
the qualitative traits. In the tomato breeding programs, QTL analysis and develop-
ment of molecular markers has been carried out in order to cognize the genetic
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control of EB resistance and to enable its introgression in tomatoes. Foolad et al.
(2002) identified ten QTLs for EB through the crossing of resistant (PI126445)
genotype derived from S. habrochaites and susceptible genotype (NC84173) of
tomato, and each QTL explained total phenotypic variation in the range of
8.4–25.9%, while the collective effect was more than 57%. A list of QTLs identified
by Foolad et al. (2002) for EB resistance in tomato is presented in Table 4.1. Later
on, by selective genotyping, Zhang et al. (2003) identified QTLs conferring EB
resistance in a L. esculentum � L. hirsutum cross. In addition, they also detected
seven QTLs for EB resistance in a trait marker analysis (Zhang et al. 2003).
However, the success in incorporating resistance in tomato is limited because most
of the breeding lines such as NCEBR-4 (Gardner and Shoemaker 1999), NCEBR1,
NCEBR-2 (Gardner 1988), and HRC90.303, HRC91.341 (Poysa and Tu 1996) were
late maturing, relatively low yielding, and indeterminate. These accessions were

Table 4.1 Quantitative traits loci (QTLs) detected for EB resistance in tomato

QTLs Chromosome Interval Phenotypica variation explained (%)

BC1

EBR1.1 1 TG559—TG208A 21.9

EBR2.1 2 TG337—CT59 15.3

EBR5.2 5 CT202—TG318 8.4

EBR6.1 6 TG279—CT107B 7.6

EBR8.1 8 TG176—CT92 7.3

EBR9.1 9 RLRR-130—CLRR-950 13.6

EBR9.2 9 SS14-520.3—TG429 16.2

EBR9.3 9 SS19-530—CT143 15.9

EBR10.1 10 TG241—TG403 20.2

EBR11.1 11 CT168—TG508 13.3

EBR12.2 12 SS14-520.1—SS1-530.1 13.4

BC1S1 (self-pollinated progeny of BC1)

EBR1.1 1 TG559—TG208A 11.9

EBR2.1 2 TG337—CT59 15.9

EBR3.1 3 TG411—TG214 9.1

EBR5.1 5 TG441—CT242 7.9

EBR5.2 5 XLRR-370—SAS5-250.3 11.2

EBR8.1 8 CD40—TG176 10.3

EBR8.2 8 TG330—TG294 21.0

EBR9.1 9 CLRR-950—SAS5–250.1 25.0

EBR10.1 10 TG241—TG403 16.3

EBR11.1 11 TG508—TG651 11.5

EBR11.2 11 CT55—CD17 9.9

EBR11.3 11 SAS11-760.2—TG393 11.5

EBR12.1 12 TG68—CT79 8.2
aBased on simple interval mapping in BC1 and BC1S1 populations of an interspecific cross between
L. hirsutum (PI126445; EB resistant) and L. esculentum (NC84173; EB susceptible), Source:
Foolad et al. (2002)
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derived from L. hirsutum. In 2007, Chaerani et al. (2007) identified three resistant
QTLs to stem lesions from F2 and F3 populations derived from a cross between
S. peruvianum LA2157 (resistant) and S. lycopersicum cv. Solentos (susceptible),
and that explained 35% of the phenotypic variance. These QTLs can be used for the
development of markers against EB in tomatoes.

4.6.3 Genomics Studies of Host and Pathogen

In the recent era of molecular biology, gene sequencing-based approaches remain
economical, and both the pyro-sequencing and traditional Sanger dideoxy nucleotide
have demonstrated their usefulness for confirmatory sequencing (Pareek et al. 2011).
The EB pathogen, A. alternata or A. solani has become perfect for dividing the
complexity of necrotrophic fungal pathogens and a wide range of pathogenicity of
various crops. The pathogen may survive in diverse ecological stresses that promote
or inhibit the infections on their host plants such as tomato (Ahlem et al. 2012).

Recently, based on conserved DNA sequences the genus Alternaria has been
modernized (Ozkilinc et al. 2017; Woundenberg et al. 2014). It was confirmed that
some species of Alternaria, i.e. A. grandis and A. protenta closely related to
A. solani (Duarte et al. 2014), can also incite EB in tomato and potato (Ayad et al.
2017; Bessadat et al. 2016). To understand the A. alternata or A. solani–plant
interactions in-depth at whole genome level, the whole genome sequence of
A. alternata isolated from onion was studied. Its total genome size
was 33.12 Mb with 50.9% GC content and 11,701 predicted coding sequences
(Bihon et al. 2016). In addtion, A. alternata isolates from sorghum had 27 scaffolds,
and the total genome size was 33.5 Mb (Nguyen et al. 2016). However, the partial
sequence for A. alternata isolated from tomato is available (Gherbawy et al. 2018).
Although, in the past, genomes of many Alternaria species (Hu et al. 2012),
including A. solani, have been sequenced (Dang et al. 2015; Woudenberg et al.
2015), but due to analysis based on short-read sequencing, most of these genome
assemblies were highly fragmented. Still, in discovering new genes, this information
can be useful to clarify the classification and taxonomy of Alternaria species, and
they enable comparative genomics.

Therefore, to produce fungal genomes having high-quality assemblies, use of
long reads derived from PacBio-SMRT (Pacific Biosciences-single-molecule real-
time) sequencing tools is a most prevalent method (Faino et al. 2015). This has been
recently explained for the pathogen A. alternata (Nguyen et al. 2016). In particular,
the assembly of a contiguous genome for the study of plant pathogenic fungi is
essential because the genes coding the disease development effector proteins are
often existing in fast-evolving that are challenging to assemble (Thomma et al.
2016). Likewise, understanding about related chromosomes and the gene organiza-
tion helps in the gene cluster identification that has a major role in the secondary
metabolite production, and together the characterization of potential provisionally
expendable chromosomes helps in studying the pathogenicity of Alternaria spp.
(Thomma et al. 2016).
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Recently, Wolters et al. (2018) sequenced the A. solani causing EB in tomato and
potato of genome size 33.1 Mb comprises about 99% of the total length of
chromosomes. They identified that A. solani has ten chromosomes. Similar results
were reported in an earlier study, in which genome sizes of A. solani was in the range
of 32.6–32.9 Mb (Dang et al. 2015; Woudenberg et al. 2015). Besides A. solani
genome sequenced by Wolters et al. (2018) showed a major advancement than that
of the earlier A. solani genome assemblies, which consisted of over 100 separate
contigs. Their genome sequencing analysis provides a concrete basis for the perfor-
mance of comparative genomics, which will help to understand the molecular basis
of pathogenicity of A. solani and other Alternaria species.

As far as the host is concerned, the first full genome sequence of tomato was
carried out (Tomato Genome Consortium 2012), which describes 35,000 genes on
12 chromosomes. Later on, Li et al. (2018) sequenced genome of 360 varieties of
tomato followed by Bolger et al. (2014) who sequenced the genome of S. pennellii, a
stress-tolerant tomato wild species. The tomato plant contains 83 SlWRKY genes,
which have several roles in the defense responses to both biotic and abiotic stresses
(Bai et al. 2018). In the tomato plant, most of the WRKYs genes act as positive
regulators of host responses to biotic stresses, whereas a lesser number of genes act
as negative regulators.

The releases of sequences of whole genome of A. alternata and A. solani and their
hosts will help in tackling the candidate genes responsible for virulence of Alternaria
species and the potential target genes in the tomato plant associated with resistance
against it. The genome sequences of tomatoes are very useful in understanding the
plant defense system against Alternaria species. The sequencing of the genome of
both host and pathogen will be also useful for the tomato breeders in developing
resistant hybrids through the selection of defense-related genes in host crop or
modification in virulent genes of the pathogen. As long as both Alternaria sp. and
tomato genomes have been sequenced, the gene expression analysis through whole
genome sequencing will tackle the critical factors in the pathogenesis of Alternaria
spp. and mechanisms of EB resistance in tomato.

4.6.4 Transcriptomics

The comparative gene expression analyses can be utilized to mine the guiding
information through transcriptomic technologies to generate data on biotic stress
modulations of gene expression in tomato plants. In the modern era of molecular
biology, RNAseq-based approaches are being used to study the transcriptomics in
both model and non-model plants or pathogens (Warren et al. 2007). Remarkably,
the transcriptome analysis of an organism helps to determine the pathogenesis-
related proteins to be efficient to various biotic stress conditions (Ali et al. 2018).
For instance, after the infection by a pathogen, plants produce pathogenicity-related
(PR) proteins and chitinase in response to chitin, which is a major component of the
cell wall of fungi (Adhikari et al. 2017).
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The antifungal influence of chitinases and several hydrolytic enzymes has been
determined against several foliar fungal pathogens, including A. solani. In addition,
the genes accountable for the production of PR proteins have considerable enhanced
resistance against pathogens causing EB and other pathogens in several arable crops
(McNeece et al. 2019; Upadhyay et al. 2014a, b). When Alternaria infects the
tomato plants, it suppresses both photosynthesis and metabolic processes such as
glycolysis, electron transport chain, etc. At the same time, the defense-related genes,
for instance, that encode chitinase, PR protein (PR2 and 3), and β-1, 3-glucanase
showed a higher level in the highly EB-resistant species of tomato (Moghaddama
et al. 2019). In addition, the expression of many secondary metabolites and defense-
related genes in tomato plants were also upregulated when attacked by Alternaria.

In addition to the PR proteins, WRKY proteins also have a major role in the plant
defense against the pathogens (Yang et al. 2018). In this regard, Moghaddam et al.
(2019) reported that the expression pattern of antifungal genes 7 PR and 5 SlWRKYs
genes in tomato increased 1–50-fold, when infected by A. alternata, and were
upregulated among the resistant tomato varieties. In addition, the differential expres-
sion patterns of genes SlWRKY1 and SlWRKY11 were consistent with the expres-
sion pattern of genes PR7 and PDF1.2, which suggest that these transcription factors
have a possible role in the enhancement of expression of PR genes in response to
A. alternata infection.

Apart from EB, tomato plants also showed improved resistance to late blight
caused by Phytophthora infestans (Cui et al. 2019) and S. arcanum to EB, A. solani
(Shinde et al. 2018) due to the overexpression of WRKY1 gene. In an investigation,
SlWRKY39 gene present in tomato was significantly upregulated in response to
Pseudomonas syringae infection (Bai et al. 2018). In the same line, in response to
Botrytis cinerea and A. brassicicola, the expression pattern of AtWRKY70 gene was
altered, and changes in activity of AtWRKY70 genes might increase the suscepti-
bility to B. cinerea, Erysiphe cichoracearum, gall formation by Linaria vulgaris, and
Macrophomina phaseolina (Ulker et al. 2007; Lawaju et al. 2018; Pandey et al.
2016; Zorića et al. 2019).

In addition, the variable expression pattern of WRKY and PR defense-related
genes is controlled not only by salicylic acid and jasmonic acid mediated signal
events, but in between the resistant and susceptible genotypes of tomato infected by
Alternaria species, the level of gene expression also varied (Pathak et al. 2017; Yang
et al. 2015). Conversely, some plants showed resistance at seedling stages while
becoming moderately resistant/susceptible at mature stage as has been reported for
EB in potatoes incited by A. alternata (Nasr Esfahani et al. 2017). The experiment of
Moghaddama et al. (2019) revealed that the tomato variety Esfahan local inoculated
with pathogen showed an enhanced expression of defense-related genes and signifi-
cant resistance at both young and mature stages, while the tomato variety Rio Grande
showed resistance only at maturity stage. They also reported that in the inoculated
EB-resistant tomato variety (H.a.s 2274) the expression of PR7 was upregulated at
transplanting stage, and a strong expression in the inoculated resistant genotypes
(Esfahan local, H.a.s 2274 and Rio Grande) was reported at the maturing stage
(Moghaddama et al. 2019). Therefore, from the above findings, it is suggested that
these are the key genes activating the defense response in host plant to the pathogen.
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Besides, in tomato plants PR7 gene encoding 69 endopeptidase (Moghaddama
et al. 2019), has been reported as proteases induced by the pathogen (Jorda and Vera
2000), and the fungal activities of PR7 gene is shown by another investigation
(Golshani et al. 2015). The PR7 defense gene has also been found to be expressed
during in several others interaction of the pathogen with hosts, comprising Pseudo-
monas syringae (Jorda and Vera 2000) and Phytophthora infestans (Tian et al. 2007)
infections. The enzymatic activity of PR2 and PR3 proteins (β-1, 3-glucanase and
chitinase) in the enhancement of defenses in tomato against EB has also been studied
(Moghaddama et al. 2019), which revealed that both enzymes had a significant
contribution to the protection of tomato from EB. Some studies revealed that the
release of glucanase and chitinase in the form of hydrolytic products of induced PR
genes disturbs the virulence of fungal pathogens and endorses the plant immunity
responses (Kumar et al. 2018; Pusztahelyi 2018). Further, an investigation reported
that among 32 genes present in the resistant genotype of tomato (EC-520061),
20 genes were upregulated against EB whereas in case of the CO-3, a susceptible
genotype, no significant upregulation in fold change was examined (Upadhyay et al.
2016). Thus, these studies showed that these enzymes and genes significantly impact
the EB resistance in tomatoes.

These results approve the crosstalk existence at the tomato plant retorts to
Alternaria spp., involving several hormone signaling pathways, which alter the
rate of photosynthesis, transport of proteins and their synthesis, thereby emphasizing
the complexity of cellular signaling networks in tomato plants (AbuQamar et al.
2016). In addition, the incorporation of genomics and transcriptomics data of tomato
or EB pathogen, along with proteomics will detect the biomarkers for EB pathogen.
These omics data sets (transcriptomics and proteomics data) can build a vigorous
model of functional features of biological pathways linking the transcripts and
proteins.

4.6.5 Proteomics

In a host plant, the outcome of the incompatible and compatible host-pathogen
interaction is determined through proteome analysis and associated metabolites.
Independently, proteomic and metabolic profiling, or in the permutation with
transcriptome data, provides additional understanding about the mechanisms of
host defense response at the molecular level (Sharma et al. 2007; Tenenboim and
Brotman 2016; Kumar et al. 2014). As far as EB of tomato is concerned, fewer
studies regarding the proteomics analysis of tomato plants infected with EB have
been carried out. However, literature is available for the other hosts such as Brassica
and other crops infected by Alternaria species. The level of 48 proteins was signifi-
cantly affected at several points in the tolerant lines of Brassica spp. when infected
by A. brassicae, which suggested that the role of ROS (reactive oxygen supply)
mediated auxin signaling in pathosystem of Alternaria sp. (Sharma et al. 2007).

Likewise, the level of 210 proteins in theMentha arvensis leaves affected/altered
during infection by A. alternata identified by matrix assisted laser desorption or
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ionization time of flight-mass spectrometry of them 29% of the proteins was defense-
related proteins (Sinha and Chattopadhyay 2011). In another pathosystem of tomato,
it was found that there was alternation in 186 proteins in wild-type mature green
fruits infected by Botrytis cinerea, which were unaltered in wild-type red ripe fruits
(RR). However, less defense-related proteins were altered in mature wild-type green
tomato fruits than in RR tomato fruits (Shah et al. 2012). Therefore, further
investigations are required to study the proteome analysis of tomato plants infected
with EB to understand changes in the protein level. However, as far as tomato-EB
interaction is concerned, the proteomic study can be compounded by the existence of
pathogen proteins, which can be determined through the accessible full genome
sequence of tomato and Alternaria spp.

4.6.6 Metabolomics

Each plant or pathogen contained metabolites, and these are organic compounds
classify under the end product of plant metabolism or gene expression. Secondary
metabolites present in plants have several roles in defense against pests and
pathogens, and any changes in these metabolites affect the plant defense to the
pathogens (Yuan et al. 2017). Conversely, secondary metabolites react with particu-
lar stress conditions, either biotic or abiotic, for example, ROS scavengers,
pathogens, coenzymes, regulatory molecules, and antioxidants. Metabolomic
profiling is carried out through NMR (nuclear magnetic resonance spectrometry)
or MS (mass spectrometry), such as GC (gas chromatography)-MS and LC (liquid
chromatography)-MS (Gathungu et al. 2014; Sharma et al. 2018).

Like other necrotrophic fungi infecting arable crops, the genus Alternaria often
produces various phytotoxins and secondary metabolites, as “killing”weapons to the
host cells from a wide range of plant species (Encinas-Basurto et al. 2017). Approx-
imately, the 70 phytotoxins sill has been recognized that is produced by the several
species of Alternaria, some are host-specific, and some are non-host specific (Johann
et al. 2012; Escrivá et al. 2017). The major toxins produced by Alternaria include
alternariol monomethyl ether (AME), alternariol (AOH), and altertoxin I and
altertoxin II (Jarolim et al. 2017) which have several side effects in humans as
well as in plants (Wenderoth et al. 2019). However, these phytotoxins have a
phytotoxic minor impact on the host plant. Still, majorly they support in the coloni-
zation process of the pathogen inside the host by compensating the response of plant
hypersensitive (Touhami et al. 2018). After colonization, they inhibit the enzymatic
reactions within the host tissue or lead to death or necrosis of plant cells. In more
resistant tomato genotypes, a correlation between the reduction in the production of
AOH and a hogAmutant of A. alternatawas taken as a sign for the role of Alternaria
toxin AOH as a supporting factor in the virulence and colonization (Wojciechowska
et al. 2014). However, AOH supports the colonization of the fungus (Wenderoth
et al. 2019).

In addition, during interaction of wild tomato � A. solani, a significant modula-
tion in secondary metabolites have been identified. In this regard, Shinde et al.
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(2017) reported that secondary metabolites (phytoalexins, phenylpropanoids, lignin
accumulation) synthesized in a resistant wilt tomato species, namely S. arcanum
through steroidal-glycoalkaloid and phenylpropanoid pathways has significant role
in protection against EB. The WRKY and MYB in WRKY1 genes had major role in
secondary metabolites synthesis pathways, and in resistant plant, the lignin biosyn-
thesis that was regulated by transcription factors was upregulated (Shinde et al.
2017).

During the infection, both host and pathogen release metabolites mediate the
resistance response in the host. Some secondary metabolites, such as 3-methyl-2-
butenal, dimethyl disulfide, 1-butanol, hexanol, and 2-methyl-1-butanol acetate
responsible for resistance in tomato fruits were synthesized on tomato only when
infected by A. alternata (Johanson and Thurston 1990). The primary, secondary
metabolites correlated to tomato-EB resistance include a higher level of flavonol,
tannin, and phenolic compounds in both stems and leaves, as has been reported in
EB-resistant cultivars (Bhatia et al. 1972).

The production of these metabolites is associated with several mechanisms. The
peroxidase (PO) present in the host plant plays an important role in the production of
reactive oxygen (RO), these RO are directly or indirectly toxic to the fungal
pathogen infecting plants (Hammond-Kosack and Jones 1996). The phenylalanine
lyase (PAL) is also an important enzyme in the secondary molecules synthesis
(Mauch-Mani and Slusarenko 1996), which help in the activation of the expression
pattern of a variety of pathogenesis-related genes. Moreover, in response to the
A. solani, the polyphenol oxidase (PPOs) is systemically upregulated, examined in
the upper nodes of leaves, but absent in the lower nodes of tomato leaves
(Thipyapong and Steffens 1997). This induction pattern of PR genes in tomato
leaves accords with the observation of transient resistance of young leaves of tomato
to A. solani infection (Johanson and Thurston 1990). The oxidation of phenols to
quinones is catalyzed by PPOs and sensitive molecules that encourage the death of
pathogen cell and blocks to the secondary infection in the host plant (Thipyapong
and Steffens 1997).

The expression pattern of PR-1B increased when salicylic acid was applied on
tomato roots to prevent the infection from EB (Spletzer and Enyedi 1999). After leaf
treatment of tomato with arachidonic acid, the PR-1-like protein level increased
(Coquoz et al. 1995), and the sequential expression of ST-ACS4 and ST-ACS5,
ACC synthase genes also reported in potato plants (Schlagnhaufer et al. 1997). In a
recent report, the total phenol contents of tomato were significantly increased as a
response to A. solani infection (Attiaa et al. 2020). The remarkable metabolic
changes in tomato upon infection with Alternaria spp. cause metabolic
perturbations, both in the plant and the fungal pathogen. A recent study reports
that, at transplanting stage, the activity of PAL increased 5-fold and TPC 4-fold,
when the resistant tomato plant was inoculated by EB pathogen, while 2–3 fold
increased in TPC activity and 3-fold in POD was reported at maturity stage
(Alizadeh-Moghaddam et al. 2020).

Thus, the above described results suggest the resistant genotypes of tomato can be
differentiated from susceptible genotypes through using both genetic and enzymatic
diversity to EB.
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4.7 Conclusions and Future Remarks

The descriptive information on the EB of tomato unveils a wealth of information
which is regarded, for instance, pathogen epidemiology, integrated disease manage-
ment, and role of omics in EB management. However, investigations in some
important areas need further attention. There are few EB-resistant varieties of tomato
and QTLs are available, and it will need to be investigated in the future research
program. Although few QTLs are available for EB of tomato, however, to avoid
integration of large parts of the donor genome along with the resistance gene, fine
mapping is needed before these can be used in a marker-assisted breeding program.
Also, before QTLs are deployed in a tomato breeding program, their pleiotropic
effects on other traits should be investigated in future research projects.

In the era of molecular approaches, there is no doubt that the exploitation of omics
in the potential disease mitigation is delivering toward understanding the mechanism
at the molecular level of the tomato plant resistance to the Alternaria sp. The
breeders are making potential efforts to link the resistant genes with traits to improve
the resistance of tomato cultivars and understand the mechanisms of disease resis-
tance. Therefore, to make the sustainable production of tomato, scientists must adopt
innovative technologies to develop the high yield and EB-resistant varieties of
tomato.

Omics enables the researchers to identify, isolate the desired genes and traits. It
helps to interpret the complex interaction among genes and helps in creating tools to
enhance crop productivity. This article provides a comprehensive overview of
“omics” technologies and its application in agriculture to combat major problems
of crops especially related to field pathogens, for example, EB of tomato. Through
omics technologies, the consistency and predictability of plant genetic engineering
and breeding will be significantly improved by reducing the time and expense for
producing EB-resistant tomato crops. There is an urgent need to create an environ-
ment where modern tools like omics can be conveniently used and comprehensively
regarded as important keys to combat other diseases of tomato crops, including
EB. These can still be used with conventional tools of disease diagnostics and
management, thus bridging the knowledge gaps and enabling us with a better
understanding of plant disease management under conditions like climate change.
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