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High throughput sequencing unravels tomato-
pathogen interactions towards a sustainable plant
breeding
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Abstract

Tomato (Solanum lycopersicum) is one of the most economically important vegetables throughout the world. It is one
of the best studied cultivated dicotyledonous plants, often used as a model system for plant research into classical
genetics, cytogenetics, molecular genetics, and molecular biology. Tomato plants are affected by different pathogens
such as viruses, viroids, fungi, comycetes, bacteria, and nematodes, that reduce yield and affect product quality. The
study of tomato as a plant-pathogen system helps to accelerate the discovery and understanding of the molecular
mechanisms underlying disease resistance and offers the opportunity of improving the yield and quality of their edible
products. The use of functional genomics has contributed to this purpose through both traditional and recently
developed techniques, that allow the identification of plant key functional genes in susceptible and resistant
responses, and the understanding of the molecular basis of compatible interactions during pathogen attack. Next-
generation sequencing technologies (NGS), which produce massive quantities of sequencing data, have greatly
accelerated research in biological sciences and offer great opportunities to better understand the molecular networks
of plant—pathogen interactions. In this review, we summarize important research that used high-throughput RNA-seq
technology to obtain transcriptome changes in tomato plants in response to a wide range of pathogens such as
viruses, fungi, bacteria, oomycetes, and nematodes. These findings will facilitate genetic engineering efforts to
incorporate new sources of resistance in tomato for protection against pathogens and are of major importance for
sustainable plant-disease management, namely the ones relying on the plant’s innate immune mechanisms in view of
plant breeding.

Introduction the regulation of gene expression, synthesis of defensive

Plant—pathogen interaction triggers the activation of
signals that result in rapid defense response against an
array of plant pathogens. The responses of plants to biotic
stresses are very complex as the multitude of interactions
involves at least two organisms, the plant and the
pathogen. Plants have evolved a complex defense system
against pathogens including cascade signaling activation,
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metabolites as well as hormone balancing, that prevents
or hinders colonization by most potential pathogens’.
Investigation into the molecular basis of pathogen
resistance reveals a suite of cellular receptors that per-
forms direct detection of pathogenic molecules. The first
stage of defense in plants is triggered by pattern recogni-
tion receptors (PRRs) that recognize pathogen-associated
molecular patterns (PAMPs) inducing PAMP-triggered
immunity (PTI), preventing pathogen colonization®™*,
PRRs also detect wall-associated kinases (WAKSs) that
detect damage-associated molecular patterns (DAMPs)
resulting from cellular damage during infection™®. PTI
leads to the production of reactive oxygen species (ROS),
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activation of mitogen-activated protein kinase (MAPK)
cascades, G-proteins, ubiquitin, calcium, hormones, tran-
scription factors (TFs), and epigenetic modifications that
regulate the expression of pathogenesis-related (PR)
genes’ "', In order to prevent further infections, plants
develop several responses such as hypersensitive response
(HR), cell wall modification, closure of stomata, or the
production of various anti-pathogen proteins and com-
pounds (e.g., chitinases, protease inhibitors, defensins,
and phytoalexins)'*'>. HR is one of the most commonly
used immune responses, causing planned cell death in the
area surrounding an infection. This establishes a quar-
antine zone to stop the pathogen from spreading, an
effective technique against pathogens that require living
tissue (biotrophs)**.

Pathogens have evolved to acquire effector molecules to
counteract the plant PTI mechanism and ensure patho-
genicity. This prompted plants in turn to develop intra-
cellular receptors (R proteins) that recognize the
pathogen/pest effector(s) and initiate an additional level of
defense termed effector-triggered immunity (ETI)'>*°.
Receptors with nucleotide-binding domains and leucine-
rich repeats (NBS-LRRs, also known as NLR immune
receptors) are the most abundant plant disease resistance
(R) genes, and detect effectors that pathogens use to
facilitate infection'”. This interaction is also referred to as
incompatible interaction and is generally characterized by
a vast transcriptional reprogramming after recognition of
the pathogen/pest effector molecule(s)'®.

New insights into the plant immune system can be
achieved through genomic approaches'®'®. The identifi-
cation of plant key functional genes in susceptible
responses and the understanding of the molecular basis of
compatible interactions are possible with techniques that
allow the study of differential gene expression. Although
various resistance genes have been functionally identified
in the disease-resistance system, there is still a lot to know
about the complex molecular mechanisms involved in
defense responses.

Tomato (Solanum lycopersicum) is one of the most
economically important vegetables throughout the world;
it is a member of the genus Solanum within the family
Solanaceae, which includes several other commercially
important species. It is estimated that 4.6 million hectares
of tomato are grown worldwide annually producing more
than 126 million metric tonnes (http://faostat.fao.org).
Tomato can be grown in a variety of geographical zones,
in open fields or greenhouses, and the fruit can be har-
vested either manually or mechanically. Its fruits are end
products both for the fresh market and the food proces-
sing industry. Tomato plants are affected by different
pathogens that cause symptoms including wilts, leaf spots/
blights, fruit spots, and rots that consequently reduce
yield and affect product quality®. Therefore, tomato arises
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as an important culture for the implementation of high-
throughput methods that enable wide transcriptome
profiling and the identification of differential expression
genes (DEGs) in response to pathogens. The information
generated by large-scale genome sequencing is leading
to a major revolution in the understanding of tomato
biology.

In this review we point to the relevance of tomato as a
model plant, focusing on its importance to study biotic
stress and plant-pathogen interaction. We summarize the
current knowledge gathered from the use of RNA-seq
technology to obtain transcriptome changes in tomato
plants in response to important pathogens, contributing
for the identification of tomato regulatory components
involved in protection against pathogens, in view of plant

breeding.

Tomato a ‘traditional’ model system

Tomato is one of the best-studied cultivated dicotyledo-
nous plants and has been often used as a model system for
plant research into classical genetics, cytogenetics, mole-
cular genetics, and molecular biology®". It has been used for
research into gene characterisation®® and gene transfer
approaches®*”*, Tomato has been useful to study other
plant traits such as fruit ripening, hormone function®, and
vitamin biosynthesis”®. Because of its specific biochemical
and molecular properties and nutritional importance,
tomato is an established model to study fruit growth and
development™. Tomato also has numerous mapped traits,
developed DNA markers, abundant collections of germ-
plasm and mutants, and an increasing number of expressed
sequence tags (ESTs)*® 732, There are several characteristics
that make tomato an ideal model organism for both basic
and applied research programs. A high-quality genome
sequence for tomato became available in 2012, further
enhancing the use of this species as a model to study plant
defensive mechanisms. It has a diploid genome with 12
chromosome pairs and a relatively small genome size pre-
dicted in 900 Mb, with approximately 35,000 predicted
protein-coding genes*°. Besides that, it grows under
different cultivation conditions, its life cycle is relatively
short (90-120 days), it has seed production ability, and a
high self-fertility and homozygosity and it have the ability of
asexual propagation®”*,

Why is tomato interesting to study plant defense
against biotic stresses?

Tomato is affected by an abundance of diseases that
reduce yield and affect product quality and, in contrast to
other model organisms, it has many interesting features,
as the production of fleshy fruits that are important for
the human diet”. During cultivation or in post-harvest
storage, it is susceptible to more than 200 diseases caused
by an array of pathogens®. The diseases are mainly
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caused by fungi, but also by oomycetes, bacteria, viruses,
viroids, and multiple nematodes (see in*’). This large
diversity of pathogens emphasizes the importance of the
tomato-pathosystem as a favourable model for studying
plant-pathogen interactions, contrarily to other model
plants often used such as Arabidopsis thaliana™~**.

Reduction of genetic diversity among crop varieties
poses risks for cultivation, especially when most varieties
carry the same genetic basis for resistance to diseases and
pests*®. As a result of the reduction of genetic diversity
over millennia, beneficial traits of wild species, such as
disease resistance and stress tolerance, have been lost™.
Wild relatives of tomato provide a source of valuable
traits, which can be introgressed into a cultivated tomato.
In this sense, natural resistance to pathogens has proven
to be useful in the identification of novel immune-related
genes**®, As referred above, plant resistance to patho-
gens relies on the recognition of specific pathogen effector
molecules by host plant resistance (R) proteins'®*’. A
repertoire of genetically diverse wild tomato species
represents a rich source of R-genes known to be involved
in tomato-pathogen recognition®'.

We can find in the literature several examples of tomato
R-genes that confer resistance to a broad number of dis-
eases caused by several pathogenic agents. The first
resistance source to Tomato spotted wilt virus (TSWYV)
was found in the wild relative Solanum pimpinellifolium.
Seven TSWYV resistance loci have been identified, desig-
nated as the dominant and allelic Sw-1a and Sw-1b, three
recessive genes sw-2, sw-3, and sw-4, and three dominant
genes Sw-5, Sw-6, and Sw-7***°. Sw-5, originally intro-
gressed in the cultivar ‘Stevens’, is currently the primary
source of TSWV resistance in commercial tomato vari-
eties worldwide®>*". Domesticated tomato is known to be
vulnerable to Tomato yellow leaf curl virus (TYLCV)
infection (Ji et al., 2007). Five major loci resistant to
TYLCV (Ty-1, Ty-2, Ty-3, Ty-4, and Ty-5) have been
introgressed from different wild relatives into toma-
toes®"”?, To date, only one dominant gene, Swm, that
confers effective resistance to Stemphylium lycopersici, a
fungus responsible for tomato gray leaf spot disease, was
identified in the wild tomato species S. pimpinellifolium,
and has been used to breed resistant tomato cultivars,
Other four plant R-genes have been introgressed from
wild tomato species including the 7 (or I-1) and I-2 from S.
pimpinellifolium, and the I-3 and I-7 from Solanum
pennellii, with -2, I-3, and I-7 encoding an NBS-LRR
protein and /-2 and /-3 conferring resistance to race 2 and
race 3 strains of Fusarium oxysporum f. sp. lycopersici
(FOL), respectively”**®, To date, four major dominant
genes, Rx4 and RxLA1589 in S. pimpinellifolium®® =%, Xv3
in the unimproved breeding line Hawaii7981%°, and
RXopJ4 in S. pennelliiéo, conferring HR to Xanthomonas
perforans race T3 have been identified and mapped.
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Several Phytophthora infestans resistance genes (Rpi)
have been identified from different Solanum spp.,
mainly wild potato species, and also from tomato. Five
major Rpi genes (Ph-1-Ph-5) were identified in different
accessions of S. pimpinellifolium, and Solanum hab-
rochaites®. Efforts to develop Phytophthora resistant
tomatoes by using individual Rpi genes were not suc-
cessfully achieved®"°?,

The existence of specific R-genes against a variety of
pathogens turns tomato specially interesting to develop
genetic studies of plant host-specific resistance
mechanisms*">1%3,

Next-generation sequencing applied to study
tomato-pathogen interactions

The development of novel methodologies allows a bet-
ter understanding of the molecular mechanisms involved
in the interaction between the plant and each specific
pathogen. Several studies utilizing proteomic and meta-
bolomic techniques have documented the global respon-
ses of tomato to infections (°**® and references within).
However, it is of fundamental importance to uncover
changes in tomato gene expression following infection,
that will help to exploit key genes in both resistant and
susceptible responses to the pathogens. Hence, the
understanding of the plant genes’ network involved in
the activation of antipathogenic responses is essential for
the development of a molecular toolbox that can estimate
the tolerance or resistance to diseases. To obtain an
overview of the regulatory pathways induced in plants by
pathogen infection, potentially differentially expressed
genes (DEGs) are indicated in Fig. 1.

Transcriptome analysis is a very important tool to dis-
cover the molecular basis of plant-pathogen interaction
globally, allowing dissection of the pattern of pathogen
activities and molecular repertoires available for defense
responses in host plants. Next-generation sequencing
(NGS) technologies, which produce massive quantities of
sequencing data, have greatly accelerated research in bio-
logical sciences'”*"*”. Implementation of high-throughput
methods, including microarray®®®® and high-throughput
RNA-seq technology, enable wide transcriptome profiling,
which is very helpful in understanding the molecular net-
works of plant/host-pathogen interactions’®”!. RNA-seq
does not require prior knowledge of genome sequences,
allows deep sequencing of the transcriptome understudy,
and has been used to obtain transcriptome changes in plant
response to disease infection’>”>, Microarrays are relatively
inexpensive compared to RNA-seq, but RNA-seq has many
advantages, namely higher gene coverage and increased
sensitivity in gene expression monitoring, with more tran-
scripts identified®’.

Tomato is, as referred above, susceptible to several
diseases caused by an array of pathogens. Taking
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Fig. 1 Regulatory overview of the differentially expressed genes involved in plant response to biotic stress. The plant’s reaction to biotic
stress involves a few steps: after the initial signal input from the pathogen which is recognized by the related receptors (putative R genes),

transcription of the cascade of the plant defense mechanism is triggered, including oxidative stress changes. Inside the cell, signals are transmitted to
lead to the production of defense molecules (PR-proteins, heat shock proteins, and secondary metabolites). Genes with an experimental indication of
involvement in the biotic stress are gathered on the main panel (colored with blue), while genes and pathways that are putatively involved in the
biotic stress pathway are shown on the left and right sides (adapted from
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advantage of an RNA-seq approach, transcriptome studies
on tomato response to pathogen infection, shed light on
the cross-talking among different signaling pathways
involving tomato-pathogen interaction.

Bellow, we describe relevant research based on RNA-
seq technology to study tomato response to infection by
several pathogens and report relevant findings high-
lighted by the authors. In view of the identification of key
functional genes, it is described the application of this
technology to tomato infection by several viruses and
viroids, fungi, oomycetes, bacteria, and nematodes,
responsible for important economic losses. Although the
methodology followed by the different authors was quite
similar, some of these studies were supported by the
important advantage of the use of pathogen-resistant
tomato cultivars to the different pathogens (a resistant
and a susceptible response were compared), while other
studies are based on the comparison of the tran-
scriptomic profile of control versus inoculated tomatoes,
as susceptible or resistant hosts (with a compatible or

incompatible interaction with the pathogen), or still
using mild or severe pathogen variants. A schematic
presentation of the experimental design used for tran-
scriptomic studies on tomato response to biotic stress
analysis is represented in Fig. 2.

It was performed the identification of enriched path-
ways of the DEGs involved in the response of tomato to
infection by an extended number of pathogens, which are
indicated in Table 1.

Tomato-viruses and viroids interactions

RNA-seq technology has already been applied to tomato
response to virus infection, such as the one caused by
Tomato spotted wilt virus (TSWYV), one of the most
important viruses that infect tomato worldwide. TSWV
causes plant stunting and chlorotic or necrotic spots on
leaves and fruits, resulting in high yield losses. Its easy
transmission through thrips has contributed to the
worldwide dispersion with great impacts on agriculture
and food security’*””. In order to uncover gene networks
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that are associated with TSWYV resistance, Padmanabhan
et al.”® performed a comparative transcriptome profiling
between the resistant Sw-7 line and its susceptible
recurrent parent, upon infection. These authors report a
total of 1244 DEGs throughout a disease progression
process involving networks of host resistance genes, RNA
silencing/antiviral defense genes, and crucial transcrip-
tional and translational regulators. The genes induced in
the tomato Sw-7 line include those involved in callose
accumulation, lignin deposition, proteolysis process,
transcriptional activation/repression, and phosphoryla-
tion. Several categories of genes involved in the Sw-7
resistance response are indicated in Table 1, with candi-
date genes including those encoding nucleotide-binding
site leucine-rich repeat (NBS-LRR, R-genes) proteins,
defense-related proteins, TFs, protein kinases, as well as
those related to phytohormone signaling, cell wall, pho-
tosynthesis, gene silencing, and microRNA target genes.
On contrary, the inoculated susceptible S-line plants
experienced significant changes in gene expression related
to a variety of general immune system and defense
response pathways, including phytohormone synthesis. A
total of 27 PR-protein family genes with differential
expression between the Sw-7 line and susceptible S-line
were identified.

Other important virus causing severe losses is the
Tomato yellow leaf curl virus (TYLCV). However, the
knowledge of the host plant defense response to TYLCV
is very limited. TYLCV causes stunting, leaf curling and
yellowing, and flower abscission leading to critical tomato

production losses’”. It is transmitted mainly by the
whitefly Bemisia tabaci Gennadius (Hemiptera: Aleyr-
odidae)”® which is responsible for its great dissemination
worldwide”. In order to understand the mechanism
involved in tomato defense, Chen et al.>* analysed the
differential gene expression in response to TYLCV
infection in a TYLCV-resistant breeding line and a
TYLCV-susceptible breeding line, following an RNA-seq
approach. Chen et al.>® found that there was a higher
proportion of upregulated differentially expressed genes
in the tomato resistant line (58.37%) than that in the
susceptible line (9.17%). However, the defense responses
of these two tomato lines were quite different, with 209
and 807 genes differentially expressed in the resistant and
susceptible lines, respectively. In response to TYLCV
infection, the authors highlighted upregulated DEGs in
the resistant line associated with plant defense response at
different levels, such as cell wall formation and reorga-
nization, ethylene response, ubiquitination during plant
immune signaling, metabolite synthesis, ranging from the
regulation of TFs to the activation of defense genes and to
the post-translational modification of proteins that par-
ticipate in the defense response to pathogen infection.
Some sets of defense-related genes encoding for WRKY
TFs, R genes, protein kinases, and receptor (-like) kinases
that exhibited a dramatic down-regulation in the sus-
ceptible line were upregulated or not differentially
expressed in the resistant line.

The approach followed to study transcriptional tomato
roots response to infection by the Potato spindle tuber
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viroid (PSTVd) viroid was based on the comparison of
mild or severe PSTVd variants®. Viroids infect higher
plants systemically and can cause several disease symp-
toms similar to those observed during plant viral infec-
tion, including stunting, epinasty, chlorosis, and necrosis
or malformation of tubers, flowers, and fruits**. Géra-
Sochacka et al.*® verified that 1168 and 1101 genes were
differentially regulated during mild and severe infection,
respectively. Comparison of both PSTVd infections
showed that transcriptional changes induced by the severe
variant were stronger than those caused by the mild
variant. DEGs identified from RNA-seq related to cell wall
organization, modification and degradation were repres-
sed in both infections. Another common enriched cate-
gory was ‘response to stress’, which includes genes that
encode peroxidases, defensins, and MLP-like proteins.
The authors highlighted changes in the expression of
genes that encode MAPKs, WRKY TFs, CDPKs, NBS-
LRRs (R genes), PR-proteins, receptor-like kinases (RLKs),
and others from a plant-pathogen pathway, indicating
these results the activation of the plant immune response.

Tomato-fungi interactions

There are several examples of the application of RNA-
seq technology to plant response to fungal infection. One
of the studies was performed on the vascular wilt patho-
gen, Verticillium dahlia. Vascular wilt diseases caused by
soil-borne pathogens are among the most devastating
plant diseases worldwide and cause severe reductions in
tomato yield and quality®’. The infection of plants by V.
dahliae results from penetration of young roots via
wounds or cracks that occur at the sites of lateral
roots***>. The high economic impact of these diseases,
combined with the absence of curative treatments, jus-
tifies increased attention on them. The approach followed
by Tan et al®* with the study on tomato-V. dahlia
interaction is based on the comparison of the tran-
scriptomic profile of inoculated tomatoes (a susceptible
host, with a compatible interaction with the fungi), with
noninoculated tomatoes (control group), aiming to iden-
tify key functional genes in susceptible responses and
understand the molecular basis of compatible interac-
tions. The authors identify important functional groups
responsible for fundamental biological regulation, sec-
ondary metabolism, signal transduction, and DEGs
assigned to several pathways, mostly associated with
phenylpropanoid metabolism and plant—pathogen inter-
action pathways (Table 1). The majority of the DEGs
involved in these two pathways were upregulated, and
may be involved in regulating the tomato-V.dahliae
compatible interaction.

Fusarium species are ubiquitous soil-borne pathogens
of a wide range of horticultural and food crops which
cause destructive vascular wilts, rots, and damping-off
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diseases®. Fusarium oxysporum f.sp. lycopersci (FOL) is
the causal agent of the tomato wilt disease, a worldwide
destructive disease of tomato®. FOL enters the epidermis
of a root, later spreads through the vascular tissue, and
inhabits the plant xylem vessels, resulting in vessel clog-
ging, and severe water stress as a result wilt-like symp-
toms appear’”. The analysis of the transcriptome of
tomato root under FOL infection brought new insights
into the tomato wilt disease response. The interaction
between FOL and tomato is race-cultivar-specific. Two
near-isogenic tomato cultivars susceptible (i-2/i-2) and
resistant (I-2/1-2) were recruited to study the interaction
between tomato and FOL®’. FOL treatment had a sig-
nificant impact on RNA gene expression profile in tomato
plants, since DEGs belonging to several different pathways
were identified®” (Table 1). There were differentially
regulated a higher number of pathogen resistance genes in
the resistant cultivar than in the susceptible cultivar.
These DEGs included, among others, genes encoding
WRKY protein, receptor kinase, MYB TF, NBS-ARC
protein, Calmodulin-like protein, and MAPK.

Tomato response to infection by the fungi Alternaria
solani is another example of the application of RNA-seq
technology to fungal infections. By studying a susceptible
cultivar and comparing inoculated and noninoculated
plants, Sarkar et al.*® found 5450 DEGs. This analysis also
revealed that more genes were upregulated than down-
regulated. Concerning the exact biological processes that
the DEGs may participate during A. solani stress, several
important pathways were significantly enriched (Table 1).
Enrichment analysis highlighted genes associated with
photosynthesis, suggesting that plant photosynthesis is
affected during infection due to chlorosis and blight
progression during the disease. In addition, biosynthesis
of secondary metabolites and phenylpropanoids,
plant—pathogen interaction, and plant hormone signal
transduction pathways were significantly enriched, sug-
gesting substantial regulation of plant hormone signaling
and plant defense during the infection.

Gray leaf spot disease caused by Stemphylium lyco-
persici is one of the most destructive diseases in culti-
vated tomato plants threatening tomato-growing areas
worldwide®. In the early stages, tomato gray leaf spot
disease symptoms appear as brownish-black specks,
which later expand to necrotic lesions with gray centers
and dark brown borders. As the disease progresses,
affected leaves became chlorotic with perforated centers
of lesions, that dry and fall®>. Aiming to analyse the
regulatory resistance mechanisms of the resistant tomato
cultivar in response to S. lycopersici, Yang et al.’'
inoculated a resistant cultivar and a susceptible cultivar
with a virulent S. lycopersici isolate and performed a
transcriptome analysis. RNA-seq approach revealed that
the overall number of DEGs was higher in the resistant



Campos et al. Horticulture Research (2021)8:171

than in the susceptible cultivar. Additionally, the number
of upregulated genes was greater than the number of
downregulated genes in the two tomato cultivars. The
functions of DEGs involved in the response to S. lyco-
persici infection and functional classification of DEGs are
indicated in Table 1. Functional classification revealed
that most DEGs were involved in plant—pathogen inter-
actions, plant hormone signal transduction, regulation of
autophagy, glycerophospholipid metabolism, and alpha-
linolenic acid metabolism (Table 1)°!. In total, the most-
enriched pathways, ‘Plant—pathogen interaction’ (111
DEGs) and ‘Plant hormone signal transduction’ (78
DEGs) may be the major metabolic pathways involved in
the resistant tomato response to S. lycopersici infection.
Yang et al.”' highlighting the DEGs related to disease-
resistance pathways that were significantly upregulated in
the resistant tomato cultivar.

A comparative transcriptomic analysis was performed
in resistant and susceptible tomato cultivars infected
with Cladosporium fulvum. C. fulvum is a nonobligate,
abiotrophic pathogenic fungus that infects foliage and
occasionally petioles and stems, causing the leaf mold
disease®®. Leaf mold has long been prevalent in many
countries and caused serious economic losses, especially
under high temperature and high humidity conditions”>.
Zhang et al.”® revealed that after pathogen inoculation
more DEGs were found in the resistant tomato cultivar
than in the susceptible one, especially upregulated
genes. Systemic defense response mediated by resistance
genes was activated during the early stage of C. fulvum
infection. Upregulated genes in resistant tomato were
primarily associated with defense processes and phyto-
hormone signaling, including salicylic acid (SA) and
jasmonic acid (JA) (Table 1).

Tomato-oomycetes interactions

Oomycetes in the genus Phytophthora are responsible
for several devastating diseases in tomatoes such as late
blight, Phytophthora root, crown rot, and buckeye rot.
These diseases not only damage tomato crop production
but also cause major postharvest losses, threatening the
tomato processing industry. P. parasitica is mainly known
as a root and fruit pathogen of tomato associated with
Phytophthora root rot and buckeye rot diseases but leaf
infection, stem canker, stem girdling, collar rot, blossom
blight, and damping-off of seedlings have also been
reported in tomatoes in different parts of the world*’. To
understand the molecular basis of resistance against P.
parasitica, Azal Naveed and Ali®* compared P. parasitica
resistant and susceptible accessions of the wild relative
tomato S. pimpinellifolium in response to infection. By
comparing inoculated vs. control plants, these authors
identified 2657 DEGs in the resistant accession and 3079
DEGs in the susceptible one. Functional annotation of
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DEGs revealed substantial transcriptional reprogramming
of diverse physiological and cellular processes, particularly
the biotic stress responses in both resistant and suscep-
tible upon P. parasitica treatment. The results revealed
that from the 2657 DEGs identified, 1173 genes were
differentially expressed exclusively in resistant accession
upon P. parasitica inoculation. DEGs included core plant
defense genes, for example, several protease inhibitors,
chitinases, defensin, PR-1, a downy mildew susceptibility
factor, all highly induced; on the contrary, several R genes,
WRKY TFs, and a powdery mildew susceptibility gene
were repressed during the resistance outcome. The
functional involvement of DEGs in biological pathways is
indicated in Table 1.

Tomato-bacteria interactions

As for other pathogens, there are examples of the
application of RNA-seq technology to tomato response to
bacterial infection. Mainly four distinct species of Xan-
thomonas (X. euvesicatoria, X. vesicatoria, X. perforans,
and X. gardneri) cause bacterial spot, a disease that
severely affects marketability of both fresh-market and
processed tomato”’. Based on their virulence on a group
of tomato genotypes, the bacteria Xanthomonas perforans
can be classified into five physiological races T1-T5.

Focusing on the tomato resistance to X. perforans race
T3, to fully unravel the mechanisms of field resistance and
to identify differentially expressed genes during different
infection times in tomato, Due et al.” investigated the
post-infection transcript dynamics of a field resistant line
and of a susceptible line. In the face of a large number of
commonly upregulated genes, the authors report to the
highly upregulated genes in both resistant and susceptible
lines. They observed that marker genes of stress signaling
such as PR genes and osmotin-like protein were intensely
induced, with genes associated with defense response
pathways being significantly upregulated in the resistant
line. The top enriched defense-related pathways were
planted hormone signal transduction, plant-pathogen
interaction, and phenylalanine metabolism. DEGs con-
taining nucleotide-binding site-leucine rich repeat (NBS-
LRR, R genes) domain or defense-related WRKY TFs were
also identified. Plant-pathogen interaction response
usually alters the expressional level of genes associated
with photosynthesis”®, however, RNA-seq data from Du
and co-workers showed that race T3 pathogen caused an
opposite impact on photosynthesis between resistance
and susceptible tomato lines, with the genes involved in
photosynthesis pathway being mainly upregulated in the
susceptible tomato line (Table 1).

The transcriptome-based studies of tomato resistance to
X. perforans race T4 followed a similar approach to the
one described to the resistance to race T3. These authors
identified unique differentially expressed genes in
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resistance, such as upregulated PR-protein genes specific to
this study. On the other hand, a disease-associated R gene
was found downregulated in the susceptible line. The
accession resistant to race T4 had more DEGs compared to
the susceptible line, as happened with race T3 resistance,
but the line with a medium level of resistance, had fewer
DEGs induced by inoculation of X. perforans race T4.
Additional DEGs were identified in tomato resistance to X.
perforans race T4 that had not been reported in the study
conducted by Du et al.”®. Shi and Panthee”, refer that a
possible reason is that samples analysed were collected in
different timepoints, and that the studied varieties and lines
had a different genetic background.

Tomato-nematodes interactions

Root-knot nematodes belong to the genus Meloidogyne
and are devastating polyphagous endoparasites that
parasitize many cultivated plants worldwide, causing
important economic losses.

A comprehensive transcriptomic approach was followed
to investigate the expression of susceptible and resistant
tomato genes in roots at several infection time intervals in
both Meloidogyne incognita susceptible and resistant
lines. RNA-seq data revealed 1827 tomato DEGs during
susceptible and 25 tomato DEGs during resistance
responses”’®. An alteration in the expression of tomato
genes involved in cell wall degradation, cell wall mod-
ification, cell wall proteins, and cell wall synthesis was
verified during the susceptible response, as well as genes
involved in the development, primary and secondary
metabolite, and defense signaling pathways”®. By contrast,
during resistance response, no significant alteration was
observed in the expression of genes involved in the
modulation of cell wall architecture, whereas tomato
genes involved in secondary metabolite and hormone-
mediated defense responses are indicated”® (Table 1). The
components of ethylene, abscisic acid, and SA signaling
were differentially regulated during both the susceptible
and resistance responses”. In a different trial, but also
studying the transcriptome analysis of four tomato gen-
otypes, (with different levels of susceptibility to the
nematode), under M. incognita stress, Kulshrestha et al.*”,
verified differential gene expression for chitinase activity,
PAL, SAM, BURP, and peroxidases.

Tomato functional genomics in view of plant
breeding

Host resistance is an important component of a sus-
tainable disease management system'’. It is an envir-
onmentally benign method that can be used to replace
costly and unsustainable chemical controls, with envir-
onmental and human health effects!”!%%1°! and even
more relevant with the emergence of resistant pathogen/
pest strains'®>. The identification of plant regulatory
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components involved in protection against pathogens can
therefore be of major importance for sustainable plant-
disease management, namely the ones relying on the plant
innate immune mechanisms.

Identification of genetic sources of resistance against
pathogens can serve as a valuable resource for developing
resistant crops. The approach following the tran-
scriptomic analysis should further characterize the
functions of the selected candidate DEGs involved in plant-
pathogen interactions and elucidate the role of the genes
involved in susceptibility and/or resistance. This will help
to determine the detailed regulatory mechanisms of plant
diseases and develop new strategies for controlling plant
pathogens. The identified DEGs from the research descri-
bed above point to the involvement of different pathways.
We highlight the pathways ‘plant hormone signal trans-
duction’, ‘plant-pathogen interaction’, and ‘biosynthesis of
secondary metabolites’ as common to tomato response
across several pathogens (Table 1). Our study report genes
encoding nucleotide-binding NBS-LRR proteins and TFs,
commonly identified in tomato response to pathogens. As
far as the availability of data allows, it is no possible the
identification of a pattern of specific DEGs associated with
the type of pathogen (viruses vs fungi vs oomycetes vs
bacteria vs nematodes), as well as soil-borne pathogens and
pathogens that affect specific tomato organs. Probably this
could be overcome with the increase of the number of
tomato RNA-seq studies in response to a broader range of
pathogens.

Identified candidate genes might then be tested in
strategies involving gene knockout or overexpression, that
will facilitate breeding and genetic engineering efforts to
incorporate a new source of resistance in tomato.

Some of the RNA-seq research already allowed the
identification of key genes involved in tomato response to
a pathogen that were used in functional studies. Padma-
nabhan and co-workers’® identified a PR-5 gene possibly
involved in tomato resistance against TSW. The func-
tional characterization revealed that PR-5 overexpressed
plants conferred enhanced resistance, resulting in a delay
in virus accumulation and symptom expression’®. Also,
Chen et al®®. identified a gene encoding an NBS-LRR
protein (Solyc05g009760), whose silencing in the resistant
background led to increased TYLCV accumulation. RNA-
seq was also applied to the interaction of tomato with
Pseudomonas syringae pv. tomato to identify genes whose
expression changes specifically during pattern-triggered
or effector-triggered immunity. Virus-induced gene
silencing of ETI-specific genes identified Epkl, which
encodes a predicted protein kinase from a family pre-
viously unknown to be involved in immunity. Knocked-
down expression of Epkl compromised ETI triggered by
three bacterial effectors but not by effectors from non-
bacterial pathogens'®,
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Conclusion

The availability of NGS techniques opens the possibility
of characterizing tomato transcriptomic responses to
different pathogen challenges. Knowledge acquired
through RNA-seq yields new insights into the molecular
mechanism of tomato response to infections. Overall, we
can find similar or specific sets of genes activated in dif-
ferent tomato pathosystems, and there were identified
DEGs that belong to different pathways. The great
amount of data contributes for the identification of key
genes, that are valuable resources to study the tomato-
pathogen interaction, and adopt a strategy looking for
tomato breeding. Functional genomics plays undoubtedly
a key role in our current understanding of the defense
response in tomato, opening challenges and opportunities
for the future.
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