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Abstract

Fusarium oxysporum causes vascular wilt disease in a broad range of crops, including
tomato (Solanum lycopersicum). Tomato, a major and important vegetable crop, is suscep-
tible to F. oxysporum £. sp. lycopersici (FOL), a biotrophic pathogen that is the causal agent
of tomato wilt resulting in significant yield losses each year. Development of disease in
susceptible tomato plants requires FOL to advance through a series of transitions, begin-
ning with spore germination and culminating with establishment of a systemic infec-
tion. In addition, many host attributes, including the composition of root exudates, the
structure of the root cortex, and the capacity to recognize and respond quickly to invasive
growth of a pathogen, can impede the development of FOL. FOL divides into races on
the basis of the ability of individual strains to overcome specific genes. This implies the
presence of avirulence genes (Avr) in the fungus that is recognized by products of the
corresponding genes. In tomato, resistance (R) genes against the wilt-inducing FOL are
called immunity genes, and the interaction between these genes will determine the suc-
cess of the infection.

Keywords: receptors, MAPK cascade, gene expression, effectors, pathogenicity

1. Introduction

Microorganisms have interacted with plants for millions of years. However, for these to be
pathogenic, they must have virulence factors, secondary metabolites, and exoenzymes that
allow them to access the interior of the plant through the leaves, root or wounds, or natural
openings, to establish an interaction of compatibility with the host [1, 2]. One of the pathogens
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that affect a considerable number of plant species is the fungus of the genus Fusarium, which
causes the disease known as vascular wilt [3]. This genus is made up of a large set of species
that possess many biological properties. In addition, it is characterized by the production of
fusiform macroconidia that are widely distributed in soil and on organic substrates [4]. The
species known as Fusarium oxysporum causes large losses to vegetable crops both in open field
and in greenhouse production [5]. Special forms (f. sp.) have been assigned according to the
specificity of the host, of which about 70 have been described f. sp. [6]. Among these special
forms, F. oxysporum f. sp. lycopersici (FOL) affects the tomato crop (Solanum lycopersicum) and
is one of the main limiting factors for its production. FOL is divided into physiological races
based on its ability to infect specific cultivars [7]. Regardless of biological, chemical, or cul-
tural measures, adequate management strategies to eliminate this pathogen are not currently
available once the plants are infected and have Fusarium vascular wilt.

The disease development in susceptible tomato plants requires that FOL pass through a
series of transitions, beginning with spore germination and culminating in the establish-
ment of a systemic infection [8]. However, to reach this point, FOL requires avoiding
the defense mechanisms that activate the plant-pathogen interaction [4]. The protection
mechanism in tomato plants requires the perception of the pathogen through receptors of
pathogen-associated molecular patterns (PAMPs) located in the plasma membrane, which
triggers the basal defense system. This includes the influx of extracellular calcium (Ca) and
mobilization of intracellular Ca to the cytosol, generation of reactive oxygen species (ROS),
activation of mitogen-activated protein kinases (MAPKSs) as well as calcium-dependent pro-
tein kinases (CDPKs) [9], and finally the induction of defense-related genes [10]. To avoid
this defense system, FOL has the ability to secrete effectors such as the so-called proteins
secreted in the xylem (SIX), which allows the infection to continue [11]. This implies the
presence of avirulence (Avr) genes in the fungus, which is recognized by the products of the
corresponding genes in the tomato, called R genes [12]. The interaction and compatibility of
the Avr genes and R genes will result in the successful FOL infection or the survival of the
tomato plant [13].

Despite the importance and necessity of controlling this disease, the molecular mechanisms of
pathogenesis in tomato and the genetic basis for host specificity are still poorly understood.

This chapter presents the information necessary to obtain an understanding of fungal patho-
genesis at the molecular level, allowing the characterization of actively expressed genes at
different stages of plant infection or under various conditions.

2. F. oxysporum f. sp. lycopersici (FOL)

2.1. Host recognition by FOL

It is known that FOL can produce three types of asexual spores: (i) microconidia, (ii) macroco-
nidia, and (iii) chlamydospores; while the sexual or teleomorphic phase is unknown. FOL can
survive saprophytically in soil and organic waste in the absence of a host, either as mycelium
or in all types of spores mentioned [14]. Chlamydospores are resistance structures capable of
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remaining viable in the soil for several years according to environmental conditions, and this
allows this pathogen to be dispersed rapidly with the movement of water, soil, or air [15, 16].

The presence of these reproductive structures of FOL in the development medium of tomato
plant allows the plant-pathogen interaction to be initiated with a preinfection state, where the
host recognition is carried out, and subsequently the germination of the spores, which will
continue with the tissue infection [17].

In this stage, the identification of the host is vital for the initiation of the infection process, and
this is done through the release of exudates from the host roots, as these compounds represent
a carbon source for the fungus [18]. Its composition includes sugars, polysaccharides, amino
acids, aliphatic, aromatic and fatty acids, sterols, phenolic compounds, enzymes, vitamins,
plant growth regulators, and other secondary metabolites [19].

The specific compounds that FOL recognizes in its host have not been characterized. To initi-
ate spore germination, it is known that exudates from the root of tomato plants stimulate the
germination of FOL microconidia. In addition, a relationship was found between the stim-
ulation of germination and the age of plants. The highest stimulation of germination was
observed when the plants were 70 to 90 days old. Changes were also observed in root exu-
dates such as the concentration of phenolic compounds and flavonoids or induced changes
in the exudates by the degree of colonization of the arbuscular mycorrhizal fungus Glomus
mosseae, modifying the spore germination and the degree of colonization [20, 21].

2.2. Signaling by MAPK

Mitogen-activated protein kinases (MAPKSs) are proteins that have been evolutionarily con-
served using cycles of phosphorylation and dephosphorylation for signal transduction.
Activated MAPK kinase kinases (MAP3KSs) first phosphorylate two serine and/or threonine
residues located within the activation loop of MAPK kinases (MAP2Ks). Activated MAP2Ks
in turn trigger MAPK activation through dual phosphorylation of a highly conserved activa-
tion loop. Sequential activation of this pathway (MAP3Ks-MAP2Ks-MAPK) plays an essential
role during the development of FOL. Activation of this signaling pathway will result in the
expression of genes and transcripts necessary to regulate the infection process and the devel-
opment of the disease, such as the expression of pathogenicity, infectious growth, or root
attachment, once FOL identifies the host [22, 23].

Recent studies report that the physiological and developmental processes of FOL are regu-
lated by three signaling pathways identified as Fusarium oxysporum MAP K (Fmk1), MAP
kinase (Mpk1), and high-osmolarity glycerol response (Hogl) and are mediated by MAPKs.
Each of these pathways has specific roles; in the case of Fmkl, it has functions related to
virulence and fusion of hyphae. Mpkl is related to characteristics of the cell wall as its integ-
rity and remodeling, the growth and fusion of vegetative hyphae. Finally, Hogl is linked
to osmoregulation responses and stress responses. The three pathways are involved in the
pathogenesis of FOL and in the development of the disease [24]. This was demonstrated by
using RNA interference (RNAi) to silence these signaling pathways, which caused loss of
surface hydrophobicity, reduction of invasion, hypovirulence, conidial size alteration, growth
reduction, and a significant decrease in pathogenesis in tomato seedlings [25].
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2.3. Pathogenesis and virulence

The concepts of pathogenicity and virulence are often erroneously considered as synonyms.
Its definition initially focused on the intrinsic properties of the pathogen. However, currently,
the definition of these characteristics considers the contributions of the pathogen and the host
in the development of the disease. Based on this, the concept of pathogenicity is described as
the ability of a microorganism to cause damage in a host, while virulence is defined as the
relative ability of a microorganism to cause damage in a host [26]. Following these defini-
tions, we next describe the genes required for the development of the disease caused by FOL
(Figure 1).

FOL infection process begins with the germination of spores on the host surface. It begins
with the emergence of the germinal tube through the wall of the spore followed by the emer-
gence of ramifications of this structure giving rise to fungal hyphae [27], which adhere to
the root and continue with invasive growth and penetration of plant tissue. In this stage of
penetration and colonization of the host, FOL requires expression of the Fmk1 gene. It is
responsible for the coding of an MAPK, required for root adhesion and penetration, invasive

Stage of Spore Adhesion to | Tissue Colonization
infection germination the root 2 penetration of root
Expressed Emk1
genes Fmk1 Fmk1 Fmk1
FoCPKA
Fem1 Xyl2 Fgas1
Fgb1 Xyl3 Rho1
Fgal Pg1 TOM1
Fga2 Pgx4 FuB1
Pg5 FuB4
Prt1
PI1 Avr
Transcription Fow2 | Fow2 Fow2
factor | Fow2
Ste12
SGE1

Figure 1. Relationship of genes and transcription factors activated during disease development of FOL.
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pathogen growth, as well as secretion of pectinolytic enzymes and fusion of vegetative
hyphae [28]. The Fmkl MAPK cascade critically depends on the transcription factor Stel2,
which controls the invasive growth and virulence downstream of the Fmk1l MAPK cascade.
However, it is not linked to the regulation of root adhesion, suggesting that activation of
Stel2 is independent of the MAPK pathway and that multiple pathways may converge on
this transcription factor [29].

The participation of Fusarium oxysporum FOW2 gene, a type Zn(II) 2Cys6 transcription fac-
tor encoded by the gene designated by the same name, has also been indicated. It is highly
conserved in the special forms of FOL, and its expression is essential for pathogenicity [30].

On the other hand, extracellular pH has been shown to act as a key signal for growth, differ-
entiation, and virulence in pathogens [31]. Gene expression in fungi by environmental pH is
regulated by a conserved signaling pathway, whose terminal component is the PacC/Rim1p
zinc finger transcription factor. PacC is considered to act as a negative virulence regulator in
FOL. Expression of this transcription factor is pH dependent, with high transcription levels
under alkaline growth conditions and low transcription levels under acidic growth condi-
tions. There was also a clear effect of pH and PacC on the expression of two genes that encode
endopolygalacturonases [32].

The genes described related to the pathogenesis of FOL control various processes in the devel-
opment of the pathogen. Such is the case of the cyclic AMP-dependent protein kinase A of
F. oxysporum (FoCPKA) gene, which regulates multiple traits related to growth, microconidia
formation, germ-tube shape, septation, and branching of hyphae by means of a cyclic adenos-
ine monophosphate-dependent protein kinase A (cAMP) [33]. On the other hand, the Fgbl
gene encodes the B-subunit of the G protein that controls hyphae growth, development, and
virulence through pathways dependent and independent of cAMP signals, while the a sub-
unit is encoded by the Fgal gene, whose silencing reduces the conidiation and pathogenicity
of the fungus [34-36].

In a study on the cloning of the Fga2 gene, it was shown that the functions of the two Ga
proteins overlap but are distinct. On the one hand, the Fgal pathway regulates the growth
and development of fungi, including morphogenesis and conidiation. In contrast, the Fga2
pathway plays a more crucial role in pathogenicity [37]. In addition, the loss of function of the
Fgasl gene, responsible for the expression of 3-1,3-glucosyltransferases, dramatically affects
the virulence of FOL, since it is linked to structural alterations of the cell wall [38].

Another gene related to the cell wall characteristics of FOL is Rhol, responsible for the cod-
ing of a putative Rho-type GTPase. It plays a crucial role in infection, avoiding recognition
by the host defense system since its deletion in FOL leads to changes such as an increase in
the amount of polymers in the cell wall, which serve as response activators in plants [39]. The
Fow1 gene encodes a protein with high similarity to mitochondrial carrier proteins, which is
specifically required for colonization in plant tissue since its absence generates a reduction
in the virulence of FOL [40]. Likewise, the involvement of the Fpd1 gene has been described,
which has as its possible function the coding for a transmembrane protein whose deficiency
reduces the pathogenicity of FOL [41].
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2.4. Lithic enzymes

The initiation of FOL infection requires degradation of the host cell wall through the action of
a complex of enzymes with lytic activity such as xylanases, cellulases, pectinases, and polyga-
lacturonases, which contribute to the penetration and colonization of the plant [42]. The genes
xyl2 and xyl3 are responsible for the coding of xylanases, which degrade xylan. The xyl2 gene
is expressed during the final stages of the disease, while xyl3 is present throughout the cycle
[43]. The XInR gene is known to be the main transcriptional activator of the xylanase genes.
However, it was demonstrated that it is not determinant in the virulence of FOL, perhaps due
to the presence of other xylanase genes whose expression is independent of this transcription
factor [44].

The PG1 and PG5 genes are responsible for the expression of extracellular endopolygalactu-
ronases, the latter expressed mostly during the early stages of infection [45, 46]. On the other
hand, the characterization of several enzymes with lytic activity, such as PG1, exo-polygalac-
turonases (PG2 and PG3), an endoxylanase (XYL1), and an endopectate lyase (PL1), has been
reported. Coded by genes pgl, pgx4, pg5, xyl2, xyl3, prtl, and pll, these are expressed during
different stages of interaction with the host plant indicating a possible role in the pathogen-
esis [47, 48]. While the absence of the Fpr1 protein (F-box protein, required for pathogenicity)
results in the lack of expression of some enzymes involved in cell wall degradation, this is
perceived as the inability of the pathogen to colonize the roots [49, 50].

3. Tomato plant

3.1. Pathogen recognition

Recognition of pathogen infection triggers an immunity system in the plant of two branches
[13]. (i) In the first, common molecules are recognized in many classes of microorganisms,
including those that are nonpathogenic and called immunity associated to pathogen-associ-
ated molecular patterns (PAMP)s or PAMP-triggered immunity (PTI). (ii) The second branch
responds to factors of virulence and pathogenesis, so it is designated as effector-triggered
immunity (ETI). Both mechanisms are described below (Figure 2).

PAMPs are considered as conserved elements by different classes of microorganisms and are
essential for survival and pathogenicity [51]. Among the molecules identified as PAMPs for
FOL, some components of their cell walls such as chitin, glucan, and glycoproteins are consid-
ered in this group due to their interaction with the host [52, 53].

The synthesis of chitin is regulated by the chsV gene and its expression depends on the
Fmk1-MAPK signaling pathway. This was demonstrated with mutants of this gene, as they
were unable to infect and colonize tomato plants or to grow invasively in tomato fruit tis-
sue. In addition to this, hypersensitivity to defense compounds produced by the host was
observed [54, 55].
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Figure 2. Scheme of activation of the defense system by PTI and ETI in tomato plant.

Glucans are also considered as elicitor molecules, although glucans may be present in the
cell wall of both plants and fungi, -1,6-glucan is specific to the cell wall of fungi, resulting
in a potential PAMP [56]. Glycoproteins present in the cell wall of FOL, whose function is
the adhesion of hyphae to plant tissue, are encoded by the Fem1 gene and are considered
within this group [57]. Each of these elements can be recognized by the plant defense system
since it has pattern recognition receptors (PRR) [58]. Plant PRRs are located on the surface
of the plasma membrane and can be two types. The receptor-like kinases (RLK) contain
a ligand-binding ectodomain, a single-pass transmembrane domain, and an intracellular
kinase domain. Or they may be receptor-like proteins (RLPs) typically consisting of a repeti-
tive domain rich in extracellular leucine, a transmembrane domain, and a short cytoplasmic
tail [59-61].

To date, chitin has been the most extensively studied PAMPs; the presence of a receptor for
chitin in rice cells has been detailed [62], while in Arabidopsis thaliana, an RLK-type lysin
motif receptor-like protein (LysM RLK1) with an extracellular domain containing three pre-
dicted LysM motifs has been detailed. These studies have shown that the binding between
the receptor and chitin is specific and direct. However, this interaction is not a simple ligand-
binding reaction but could be accompanied by a conformational change of the receptor
protein. This allows it to participate in signaling leading to gene induction and defense
responses against pathogenic fungi [63, 64]. On the other hand, little is known about the
mechanism of recognition of glucans as PAMPs in tomato plants. In soybeans, a glucan-
elicitor-binding protein (GEBP) harbored a glucanase domain and a high-affinity glucan
binding motif, which makes this protein a powerful tool to release and detect elicitor frag-
ments of the pathogen [65].
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3.2. Signaling and defense response

Recognition of pathogen elicitors that are released at the site of infection is rapidly followed
by changes in ion flow and the production of reactive oxygen species. These events activate
signaling cascades, which lead to the activation of the transcription factors involved in the
activation of defense genes [66]. These responses are known to be regulated through complex
signaling pathways involving various phytohormones. The FOL-activated signaling network
integrates signals shared and mediated by synergistic or antagonistic interactions between
salicylic acid (SA), jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), and ROS [67, 68].

The SA plays an essential role in plant defense signaling since the recognition of FOL-derived
components allows the accumulation of this phytohormone, with the subsequent establish-
ment of local resistance in the infected region.

In the same way as the systemic resistance of the whole plant [69], the biosynthesis of SA
is regulated by the Arabidopsis defense-related gene (SID2) [70]. This pathway requires the
high-affinity protein SABP2, responsible for the conversion of methyl salicylic acid to SA [71],
as well as the nonexpresser of pathogenesis-related (PR) genes positive regulator (NPR1) [72],
which is regulated by the transcription factors of the TGA and WRKY family [73, 74]. On the
other hand, the function of Ca as a second messenger has been characterized in numerous
signaling pathways of plants, transporting a wide range of environmental and developmental
stimuli to the physiological response [75]. An example is its participation in the regulation of
SA levels through the interaction of a Ca/calmodulin with the transcription factor-enhanced
disease susceptibility 1 (EDS1), through the activation of the Ca channels for the influx and
subsequent mobilization of the intracellular Ca stores [76]. The increase of Ca in the cyto-
plasm is the first step in the signaling pathway of PAMP-triggered immunity (PTI). This ele-
vation may occur in response to the perception of PAMPs, interactions of the R gene due to
phosphorylation events, G protein signaling, and/or cyclic nucleotide increase [77].

The SA is crucial to induce the production of superoxide anion and hydrogen peroxide, by
the activation of apoplastic peroxidase, and subsequently NADPH oxidase of the plasma
membrane [78], which are connected to each other through the activation of Ca channels,
as it has been pointed out that the increase of the cytoplasmic Ca coincides with the con-
comitant increase of ROS, or by the phosphorylation of proteins [79]. ROS are known for their
direct antimicrobial role against pathogens as well as their relation to the activation of second
messengers related to the expression of genes related to the production of response proteins
[80], such as the peroxidases of class III, which are important due to their involvement in the
reinforcement of the cell wall in the site of interaction with the pathogen, through catalysis
of the reticulation of cell wall components including glycoproteins, lignin, and suberin [81].
Also, the oxidative burst is associated with the hypersensitivity response or programmed cell
death, processes that inhibit the invasion of the pathogen through isolation [82].

Activation of MAPKSs is critical in components of basal defense pathways as well as in more
specific interactions involving R-gene-mediated resistance. The oxidative burst activates an
MAPK cascade that induces the downstream defensive mechanisms regulated by SA, ET, JA,
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and ABA. Responses may be ethylene synthesis, ROS production, pathogenesis-related (PR)
protein expression, and cell death [83, 84].

On the other hand, jasmonates are involved in the reduction of FOL susceptibility in tomato
plants, by increasing the activity of polyphenol oxidase [85]. Whereas in Arabidopsis plants,
it has been observed that the response to F. oxysporum requires signaling pathways through
ET, JA, SA, and the NPR1 gene, although it is independent of the function PAD4 and EDS1 [86].
The interactions between SA and JA signaling are complex, but research indicates an antago-
nistic relationship between them [87], while jasmonates and ET cooperate to synergistically
induce defense genes such as PR1b, PR5, and PDF1.2 [88, 89]. Expression of the ERF1 gene
responsive to ET and to JA is a common component in the pathways of both phytohormones
[90]. It is suggested that ABA function affects disease resistance by suppressing basal and
induced transcription of JA and ET response genes, which clarifies the antagonistic relation-
ship between these hormones [91]. However, ABA has been reported to be involved in the
production of callose for the early and efficient construction of papillae at sites of infection to
counteract the pathogen [92]. On the other hand, signaling mediated by heterotrimer G pro-
teins has been shown to suppress the induction of SA-, JA-, ET-, and ABA-dependent genes
during the initial phase of infection with F. oxysporum, whereas at a later phase, it improves
the JA-/ET-dependent genes like PDF1.2 and PR4 [93].

The defense responses that are activated by these pathways in tomato plants involve the
increase of defense enzymes such as phenylalanine ammonium lyase and peroxidase [94], as
well as the synthesis and accumulation of proteins related to pathogenesis, such as chitinases
and b 1-3 glucanases. These proteins act synergistically to inhibit the growth of the fungus
[95]. Programmed cell death can be induced by a-tomatine, which has a fungicidal action,
in addition to its potential role as an activator of tyrosine kinase signaling pathways and the
monomeric GTP-binding protein (G protein) that leads to Ca elevation and the ROS burst in
FOL cells [96]. The regulation of plant immune responses is mediated by transcription factors
of the WRKY family, which are functionally connected by forming a transcriptional network
composed of positive and negative feedback loops within a network of partially redundant
elements, some of which hold central positions that allow the activation of fast and efficient
defense programs [97].

3.3. Effector protein recognition

Once the first line of defense is activated through recognition of PAMPs, FOL employs mech-
anisms that allow it to suppress such activated responses. During the infection process, it
secretes small proteins rich in cysteine (effector or virulence proteins). The function of these
proteins is to promote infection and colonization in the host plant, by disrupting various cel-
lular processes such as signal transduction or modifying the proteins in the host plant [98].

The set of these effectors determines the specificity of the host, as well as the ability of the
pathogen to manipulate the host immunity [99, 100]. In FOL, these effectors are designated as
proteins secreted in the xylem (SIX) and six genes have been reported to encode them [101].
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These genes related to pathogenicity are located on a small chromosome within the FOL
genome [102].

Recognition of effectors occurs through receptors known as R proteins, which contain at the
amino terminus a predicted conserved central domain that functions as a nucleotide-binding
site (NBS) and a variable number of leucine-rich repeats (LRR) in the extreme C-terminal
[103]. It is considered that this LRR domain of proteins could contribute to the recognition of
various ligands derived from pathogens, while the amino-terminal domain determines the
specificity of signaling. These receptors are also referred to as NBS-LRR [104-106]. The way
in which R proteins activate the signal transduction pathway leading to plant defense is not
yet fully understood, but recognition of pathogens is thought to trigger nucleotide-dependent
conformational changes that may induce oligomerization, thus providing a scaffold for the
activation of downstream signaling components [107].

The perception of the effectors triggers the second branch of the plant defense system or
ETI. This is based on the gene-for-gene hypothesis, where resistance to disease is thought
to be conferred by R genes, or immunity (I) genes in tomato, but requires the coincidence of
avirulence genes (Avr) from FOL [12]. This is why FOL is divided into physiological races
based on the ability of the individual strains to overcome the tomato-specific immunity genes
(Figure 3). Therefore, compatible or incompatible interactions are controlled by three aviru-
lence genes (Avr 1-3) in FOL and the corresponding resistance genes (I-I3) in tomato [108].

The SIX4 protein has been identified as a virulence effector designated as Avrl gene, and the
mature protein is made up of 184 amino acids and contains 6 cysteines in its structure. Its
expression was initially reported for race FOL 1 and is required to activate resistance medi-
ated by gene I and I-1. In addition, it is related to the suppression of disease resistance linked
to the I-2 gene and the I-3 gene for tomato [109]. The SIX3 protein corresponds to the Avr2
gene, which is made up of 144 amino acids and contains 2 repeated cysteines. It is required for
the development of disease symptoms, as demonstrated by its deletion, resulting in a reduc-
tion in virulence. This protein can be recognized by the I-2 resistance gene [11].

Expression of the Avr3 gene encoding the SIX1 protein is essential for virulence in tomato.
Its structure consists of 189 amino acids and contains 8 repeated cysteines. Its recognition is
necessary to activate the resistance through the I-3 gene. A relation between the expression
of this gene and Avrl, for the evasion of resistance activated by I-3, has been suggested. The
Avr3 gene requires the presence of live plant cells, and its secretion is performed immediately
after the penetration of the root cortex [110-112]. Another important effector protein in the
pathogenicity of FOL is SIX6. It is made up of 199 amino acids and contains 7 cysteines. It is
expressed in early and late stages of infection and its expression suppresses the cellular death
triggered by the I-2 protein and requires the presence of live host cells [113]. Close homologs
have been found in other special forms for the SIX6 and SIX7 effectors, suggesting that these
genes may have a more general role in pathogenicity [114].

The expression of Avr genes in FOL is regulated by the transcription factor SIX Gene
Expression 1 (SGE1). Although its expression is not required for the vegetative growth of
the fungus, it is essential for the pathogenicity of FOL, by playing an important role during
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Figure 3. Classification of the physiological races of FOL according to the interaction of Avr genes of FOL and immunity
genes in tomato.

parasitic growth, which produces an extensive growth in the plant and leads to the symptoms
of the disease [115].

3.4. Overcoming defense response

One of the strategies of FOL to overcome the tomato defense response is the participation of
chitinases, through the synergistic action of two proteases that are required for the complete
separation of the binding domain of class I and class IV chitinase of tomato, allowing full
virulence of FOL [116].

Detoxification of a-tomatine by the action of the enzyme tomatinase in FOL has also been identi-
fied. It is encoded by the TOM1 gene, which plays an essential role for the successful infection of
the fungus [117]. The role of fusaric acid, which plays an important role in fungal pathogenicity,
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has also been described by decreasing the cell viability of the plant. It is directly related to pro-
grammed cell death through damage to photosynthetic machinery, increase in protease activity,
ROS production, low regulation of antioxidant enzyme activities, and positive regulation in
lipid peroxidation, as well as the disorder of the nitrogen metabolism resulting in the collapse
of the cell [118-120]. Its biosynthesis requires expression of the FUB1 and FUB4 genes [121], and
L-aspartate is suggested as the precursor amino acid in the biosynthetic pathway [122].

If FOL manages to evade the defenses of tomato plants, infection and the development of
symptoms of vascular wilting will occur. Effects include leaf detachment and leaf epinasty,
followed by slower leaf growth, progressive wilt, defoliation, and inevitably death [123].

4. Conclusion

In this way, it is clear that both FOL and the tomato plant are in a long competition of defen-
sive mechanisms to ensure their survival when the plant-pathogen interaction occurs.

FOL genomic analyzes have revealed the evolutionary characteristics of genes associated
with FOL adaptation to their hosts, getting to understand the specificity for these. Molecular
biology studies have evidenced the genes that are expressed in FOL interactions with their
hosts at different stages of infection. However, a greater level of understanding with regard
to the interaction mechanisms is needed. Future efforts will be needed to investigate the role
of effector proteins in FOL-host interactions.

A study of elicitor molecules of natural or synthetic origin that are recognized as PAMPs and
can trigger a nonspecific defense response is necessary. The obtained knowledge will further
improve tolerance to vascular wilt of tomato plants by FOL infection.
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