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Abstract: Fruits, vegetables and other plant-derived foods contribute important ingredients for
human diets, and are thus favored by consumers worldwide. Among these horticultural crops,
tomato belongs to the Solanaceae family, ranks only secondary to potato (S. tuberosum L.) in yields
and is widely cultivated for fresh fruit and processed foods owing to its abundant nutritional
constituents (including vitamins, dietary fibers, antioxidants and pigments). Aside from its important
economic and nutritional values, tomato is also well received as a model species for the studies
on many fundamental biological events, including regulations on flowering, shoot apical meristem
maintenance, fruit ripening, as well as responses to abiotic and biotic stresses (such as light, salinity,
temperature and various pathogens). Moreover, tomato also provides abundant health-promoting
secondary metabolites (flavonoids, phenolics, alkaloids, etc.), making it an excellent source and
experimental system for investigating nutrient biosynthesis and availability in food science. Here,
we summarize some latest results on these aspects, which may provide some references for further
investigations on developmental biology, stress signaling and food science.
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1. Introduction

Tomato (Solanum lycopersicum) is one of the best studied cultivated dicotyledonous
plants [1]. Its domestication has mainly experienced two stages, represented by S. pimpinel-
lifolium and S. lycopersicum var. cerasiforme as the ancestor, while persistent breeding of
modern cultivars mainly concerns the combinations of various traits to meet with market
requirements [1,2]. As one of the common vegetables originated from Central and South
America, tomato is favored by numerous consumers for its delicious taste and high nutri-
tional value, and have thus become one of the most economically important crops since
the 16th century [1]. According to the report of FAO, the total yield of tomato equals up to
182.05 million tons worldwide and the cultivation area is 5.06 million hectares in 2020; de-
veloping countries in Asia contribute more than 1/3 to the total yield [3]. Because of
their economic importance, agronomic traits directly affecting ultimate fruit yield, such
as branching pattern, inflorescence architecture and fruit development, have been paid
additional attention by scientists [4]. Many genes involved in yield-related traits have been
identified in tomato, including SELF PRUNING (SP), LOCULE NUMBER (LC), FASCIATED
(FAS), TERMINATING FLOWER (TMF), etc. [4,5].

In addition, tomato has plenty of nutritional traits, making it popular among people
all over the world. According to USDA statistics, it is one of the low-calorie vegetables (ex-
tremely low fat and zero cholesterol), with only 18 calories per 100 g [6]. Tomato is also an
excellent source of antioxidants, dietary fiber, minerals, and vitamins. Taking antioxidants,
for example, tomato has a total oxygen radical absorbance capacity at 367 µmol TE/100 g,
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attributed to the high levels of vitamin A and flavonoid antioxidants, such as α and ß-
carotenes, xanthins and lutein. These antioxidants have potent efficacies in scavenging
harmful oxygen-free radicals, thus improving people’s night vision and protecting them
from aging, tumors and other health-related problems [6]. It should be noted that domes-
tication and genetic breeding of tomato during the past several decades have resulted in
decreased genetic diversity and unexpected loss of some important traits, including flavor,
aroma and resistance [7,8]. With the continuous change in lifestyle and living standard,
people have made efforts to reintroduce the lost traits from wild relatives into commercial
cultivars [5,9,10]. Because of tomato’s virtues and the aforementioned situations, tomato
has been received as a model species for studies in life science and food science.

2. S. lycopersicum Is Used for Investigating Inflorescence Branching and Fate
Determination of Shoot Apical Meristem

Tomato is a species which undergoes sympodial growth, whose stem cell activity
directly determines plant architecture, flowering time, inflorescence structure, fruit size,
harvest index and final fruit yield [11,12], composing the developmental basis for molecular
design and genetic breeding of tomato cultivars. Therefore, tomato has been widely used
as an excellent material for investigating the mechanisms underlying inflorescence branch,
flowering and fate determination of shoot apical meristem (SAM) [13,14]. Among the
developmental regulators, reactive oxygen species (ROS) produced simultaneously with
respiration have important roles in regulating growth, development and responses to
unfavorable conditions of plants [15,16]. As the most stable form of ROS, H2O2 is also
accumulated in the SAM of normally grown tomato plants, while the accumulation site
coincides with the expression site of TMF, a transcription factor controlling the maturation
of SAM, suggesting that ROS may be related to the maturation of SAM [17]. It was found
that locally accumulated H2O2 in SAM drove reversible liquid–liquid phase separation
of TMF in tomato [13]. In response to cellular redox status variation, cysteine residues
in TMF may form disulfide bonds, which are necessary for connecting multiple TMF
molecules and further increasing intrinsically disordered regions to trigger phase separation.
Such phase separation enables TMF to suppress the expression of ANANTHA, a floral
identity gene [13]. This characteristic reversible biomolecular condensate may provide
a suitable microenvironment for rapid transcriptional programming via redox-regulated
phase separation. These results well correlate liquid–liquid phase separation of proteins,
redox signaling and cell fate determination of SAM, thereby assuring tomato as an excellent
example for dissecting complex agronomic traits encompassing developmental robustness
and stress responses.

Functional redundancy of gene families is always caused by gene duplications and
gene family expansion, resulting in so-termed phenotypic robustness [18]. However, how
such phenotypic robustness is maintained in the specific cellular contexts is still seldom
studied in plants. The fate transition of SAM is a well-regulated programmed develop-
mental process which is required to be initiated and completed at the right time and right
place [17]. Untimely transition may lead to failure to adapt to environmental changes or
crop yield loss [11]. The precise control of tomato stem cell fate transition is determined
by ALOG transcription factors. TMF, the first ALOG transcription factor identified from
tomato, functions to maintain meristem at a vegetative state [19]. During gene duplica-
tion and gene family expansion, some mutations were introduced in the cis-regulatory
sequences and coding sequences of ALOG genes, maintaining the activity of the four TFAM
genes (TMF family member) (TFAM1/2/3/11) in SAM [19]. TFAM1/2/3/11 proteins all
contain typical intrinsically disordered regions (IDRs) and undergo liquid–liquid phase
separation [14]. Interestingly, although the ALOG domain is conserved, many mutations
occur to the N-terminal and C-terminal IDRs, leading to differences in protein phase separa-
tion and transcriptional regulation [14]. Following site-directed mutation, IDR replacement
and transcriptional activity analysis, it was confirmed that the realization of the robustness
of tomato cell fate transition depends on the ALOG transcription factors to form hetero-
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geneous biomolecular condensates through protein phase separation, thereby precisely
regulating the spatio-temporal expression of ANATHA (AN) [14]. Consequently, tomatoes
can blossom and bear fruit in the right place at the right time. This work represents an-
other excellent example for investigating fate determination of SAM using tomato as a
model system.

3. S. lycopersicum Is a Model Material for Studies on Fruit Ripening Regulation

Some fruits, particularly climacteric fruit, are harvested at lower maturity and serve as
foods for consumers at appropriate maturity by postharvest processing at harvest, storage,
delivery and retailing [20]. Therefore, it is necessary to manipulate the ripening processing
and maintain the fruit quality to provide delicious foods at the right time for consumers [21].
Owing to a relatively small genome (~900 Mb), a relatively short life cycle, well dissected
genetic background, extensive germplasm collection and mature experimental procedures
for genetic transformation, tomato has become a model plant for the studies on developmen-
tal biology of climacteric fruit [20,22]. Tomato fruit development can be categorized into
two major developmental processes: early fruit development and fruit ripening, whereas
the morphological structure and size of fruit are mainly determined at the early fruit de-
velopment stage [23]. The early development of tomato fruit can be further divided into
three stages: (1) ovary development and fruit setting; (2) rapid division of the cells and
significant increase in the number of cells; (3) trigger of growth and development of tomato
fruit. Tomato fruit ripening has obvious stage characteristics, by which the ripening process
is always categorized as immature green (IMG), mature green (MG), breaker (Br), orange
(Or) and red ripe (RR) according to the changes in fruit color and firmness [21] (Figure 1A).
Importantly, fruit ripening is accompanied by the formation of many fruit quality-related
traits, such as firmness, color, aroma, vitamins and others [22].
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Figure 1. Tomato fruit development and virus-induced gene silencing. (A) Tomato fruit development.
(B) Phenotypes for VIGS-PDS fruit (S. lycopersicum cv MicroTom and S. lycopersicum Del/Ros1 cv
MicroTom).

Among the methods for analyzing ripening-related traits, virus-induced gene silencing
(VIGS) has been proven as an efficient technique for rapid examination of gene functions in
plants, particularly for fruit color and other obviously visible phenotypes [24]. In terms of
tomato fruit, VIGS offers a rapid alternative for knocking down the expression of a specific
gene without tedious genetic transformation through tissue culture [25]. The TRV-based
VIGS system can be efficiently introduced by infiltration into detached tomato fruit by
either vacuum infiltration or by injection into the fruit attached to the host plant via car-
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popodium or stem [26]. As definite examples, VIGS-SlPDS, SlEIN2, SlCTR1 and SlEILs
(the genes related to lycopene biosynthesis and ethylene signaling) all resulted in similar
ununiform color phenotypes as observed later by stable transformation with RNAi or
CRISPR-Cas9 constructs [26], thereby significantly shortening the time required for pre-
liminary identification of gene functions. Similarly, VIGS technique has also been applied
to develop a visual reporter system in some specific transgenic tomato lines based on
anthocyanin accumulation, such as Del/Ros1 [27]. The Del/Ros1 transgenic line expresses
Delila and Rosea1 from the ornamental flower snapdragon (Antirrhinum majus L.) under the
control of the fruit-specific E8 promoter, showing abundant anthocyanin and characteristic
purple fruit. VIGS-Del/Ros1 impairs the original purple fruit phenotype of Del/Ros1 line
(Figure 1B), whereas simultaneous VIGS of Del/Ros1 and a certain gene of interest may pro-
vide a directly visible control for gene expression analysis and precise sampling of different
sectors. This may facilitate the functional dissection for the genes whose knock-down or
knockout manipulation may not lead to obviously direct-visible variations.

In terms of the mutants, omics approaches have revealed more insights into regulatory
machinery upstream of ethylene and ripening-related signaling systems. The transcrip-
tion factor MADS-RIN (RIPENING INHIBITOR) is a ripening-related key regulator that
has been extensively investigated during the past several decades [28,29]. Rin mutant
has defects in fruit softening and does not exhibit the characteristic respiratory rise and
ethylene peak [30]. However, it has been suggested that rin mutation resulted in the fusion
of truncated RIN to Macrocalyx (RIN-MC), which produced a gain-of-function chimeric
protein transcriptionally repressing fruit ripening [28,31]. Coincidently, knockout of SBP-
CNR and NAC-NOR transcription factors by CRISPR/Cas9 genome editing only led to
postponed or partially non-ripening phenotypes, which were significantly different from
the phenotypes observed in the spontaneous mutants [32]. No alteration was detected
in the SPL-CNR DNA sequence; however, its promoter accumulated hypermethylated
modification, giving rise to inhibition on the transcription of the SPL-CNR gene and the
Cnr mutant phenotype [33]. Similarly, the non-ripening (nor) mutant of tomato also harbors
a truncated protein (NOR186) composed of 186 amino acids due to two adenine deletion
in NAC-NOR, leading to a gain-of-function mutant in which the transcriptional activation
domain was interrupted but the DNA-binding domain was retained (US Patent, No. US
6762347B1). NAC-NOR overexpression in the nor mutant did not fully complement the
defects in ripening-related phenotypes, while the truncated NOR186 competed with the
wild-type NOR for binding to the promoter regions of 1-aminocyclopropane-1-carboxylic
acid synthase2 (SlACS2), pectate lyase (SlPL) and geranylgeranyl diphosphate synthase2
(SlGgpps2) [34]. Collectively, previous models depicting RIN, NOR and other regulators as
indispensable for fruit ripening should be reconsidered [20,29,31,34], while the integration
of state-of-art molecular biological techniques and data mining may provide solutions to
these unsolved questions in tomato fruit.

4. S. lycopersicum Is a Classic Model Species for Studies on Responses to
Abiotic Stress

Under significant global climate changes, plants are persistently confronted with
various unfavorable environmental conditions (such as high light, low/high temperature,
drought, salinity, etc.) during their life cycles, which oblige them to successfully evolve
sophisticated signaling network to cope with such harsh conditions [35,36]. Tomato has also
been well utilized to investigate the responsive machinery to environmental stimuli [36].

Responses to low light and high light. Light is above all the most important signal
for plants, and is indispensable for photosynthetic biomass production and resistance to
pathogens [37]. A recent study demonstrated that tomato was more susceptible to Pst
DC3000 under low light, which was attributed to the decreased apoplastic glucose. Fur-
ther studies revealed that the regulator of G protein signaling 1 (RGS1)/heterotrimeric G
protein was activated to negatively regulate the defense responses of tomato; however,
this regulation was independent of SA or JA signaling [38]. These results correlate the



Foods 2022, 11, 2402 5 of 15

signaling of plants in response to abiotic and biotic stress, which may provide certain clues
for developing future strategies for efficient production of protected vegetables. In contrast,
high light intensity may lead to photooxidative stress, bursts of reactive oxygen species
(ROS) and subsequent responses [39]. In a lipidomics study to identify lipophilic molecules
that enhance tolerance after exposure to combined high-temperature and high-light stress,
alpha-tocopherol and plastoquinone/plastoquinol were the most significantly upregulated,
which may contribute to the protection of photosystem II (PSII) over photodamage under
environmental stress [40]. Interestingly, certain light intensity and quality may induce
the accumulation of specific metabolites [41,42], among which steroidal glycoalkaloids
(SGAs) and anthocyanins are two groups. SGAs are specialized secondary metabolites
mainly produced in Solanaceous species [8], which are toxic for humans and contribute to
defense responses. It was found that SlHY5 (ELONGATED HYPOCOTYL 5) and SlPIF3
(PHYTOCHROME INTERACTING FACTOR3) directly bound to respective elements in the
promoter regions and transcriptionally activated the key genes involved in SGA biosynthe-
sis, namely GAME1, GAME4 and GAME17, thus modulating the transcript abundance of
these enzymes [42]. These results provide a potential genetic basis for genetic manipulation
of SGA level in Solanaceous crops. As major water-soluble pigments, anthocyanins have
important roles in protecting plant tissues from being damaged by high light, UV radia-
tion, and other unfavorable environmental factors [27]. High light induced a nonuniform
anthocyanin pigmentation pattern in the Pro35S:BrTT8 tomato fruit. This was attributed to
the induction of SlAN2 expression at high level in the upper part of fruit after exposure
to high light, resulting in efficient local assembly of MBW complex (a protein complex
composed of MYB, bHLH and WDR protein) with BrTT8 and SlAN11 [41]. In contrast, the
low light treatment failed to activate the genes involved in anthocyanin biosynthesis, while
the genes involved in chlorophyll biosynthesis were also markedly suppressed [41], further
assuring the feasibility for genetical manipulation of secondary metabolites under artificial
illumination environment.

Responses to salinity. Most tomato cultivars are sensitive to salinity during their
life, particularly at the seed germination and early seedling stages, while natural varia-
tion in salinity tolerance has been detected in wild relatives, including S. pimpinellifolium,
S. pennellii, S. habrochaites and S. lycopersicoides [43]. A couple of famous genes are succes-
sively identified in tomato to alleviate the toxicity of excessive Na+ [44–49]. The plasma
membrane Na+/H+ antiporter SlSOS1 is essential for salinity tolerance by promoting the
transport of Na+ from underground parts to aboveground parts [44], while the overex-
pression of SlNHX2, a K+/H+ antiporter, led to an enhanced K+ sequestration capacity
and higher salinity tolerance [45]. In contrast, the SlSOS2 (a gene encoding a protein
kinase) overexpressing plants displayed higher salinity tolerance by promoting Na+ export
and compartmentation [46]. Attempts have been made to enhance salinity tolerance in
tomatoes by genetic engineering on these genes that encode Na+/H+ antiporters SlSOS1
and SlNHX2, as well as regulatory proteins (including SlSOS2). As a major challenge
for plant growth, development and productivity, salt stress often triggers significant tran-
scriptional reprogramming, underpinning the importance of transcription factors in salt
stress responses [50]. Transcription factors of diverse families are closely correlated with
the responses of tomato to salt stress. SlAREB1 and SlAREB2 (the genes encoding ABA-
responsive element-binding proteins) were induced by salinity in both roots and leaves.
The genes encoding oxidative stress-related proteins, lipid transfer proteins and late em-
bryogenesis abundant proteins were up-regulated in the SlAREB1-overexpressing plants,
which may be responsible for the higher salt tolerance [47]. SlARS1 (altered response to salt
stress 1) was a R1-type MYB transcription factor [48]. The ars1 mutant displayed defects in
stomatal closure in an abscisic acid (ABA)-dependent manner, while the SlARS1 overex-
pression line did not show chlorosis but improved water use efficiency, further implying a
potential role of ABA signaling in the salt tolerance conferred by SlARS1. SlDREB2 encoded
a dehydration-responsive element-binding protein, which improved the salt tolerance by
elevating K+/Na+ ratio as well as proline and polyamine contents, while ABA signaling
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was also involved in the tolerance conferred by SlDREB2 [49]. It should be noted that some
key components as mentioned above are involved in the responses to abiotic and biotic
stress, further suggesting the necessity of dissecting the crosstalk of these signaling events
and exploring key determinants involved [51].

Responses to cold stress. Cold stress is among the major abiotic stress restricting geo-
graphical distribution, normal growth and crop yield [52]. Many cold-activated signaling
pathways are induced to protect plants from injuries during cold stress. Similar to its
counterpart in Arabidopsis, ICE1-CBF-COR module is conserved and also works in cold
responses of tomato, as the expression of SlCBF1 and SlCBF2 are significantly upregulated
after 3 h at 10 ◦C during cold acclimation in tomato. Moreover, overexpression of SlICE1
enhanced chilling tolerance by elevating the expression of SlCBF1, SlDRCi7 and SlP5CS and
the antioxidant capacity of tomato [53]. The transgenic SlICE1 overexpressing lines also
accumulated higher levels of pigments and antioxidants, including β-carotene, lycopene
and ascorbic acid, as well as certain amino acids and amines, suggesting that the enhanced
chilling tolerance may be partly attributed to the improved antioxidant capacity [54]. In
addition, cold stress may also affect fruit flavor and other quality traits, as refrigeration
at low temperature can delay fruit ripening and prolong the storability of tomato [55,56].
Consumers have begun to complain about the loss of flavor after cold storage during
production. An integrative analysis on the transcriptome and flavor metabolome of tomato
fruit showed that flavor-related volatiles lost after low temperature storage, while fruit
sugar and acid contents did not change. The reduction in the expression of volatile syn-
thesis genes and transcription factor genes related to ripening was associated with the
methylation status in the promoter regions [56].

Responses to drought. Water shortage is one of the major threats for sustainable yield
output, while increasing aridity has further aggravated the situation [57]. Solanum lycoper-
sicum cv. M82 has relatively poor tolerance to abiotic stress, while some of its wild relatives,
such as S. pennellii LA716, has higher tolerance [58]. Two excellent studies generated a
collection of 50 introgression lines (ILs) of S. pennellii, which greatly facilitated the dissection
of the mechanisms underlying drought tolerance in tomato [9,10]. Along with the recurrent
parent S. lycopersicum cv. M82, the transcriptional profiling for two drought-tolerant lines
identified from the introgression lines showed that the genes involved in transcriptional
regulation, signalling, cell wall structure, wax biosynthesis, gluconeogenesis, purine and
pyrimidine nucleotide biosynthesis, tryptophan degradation, starch degradation, methion-
ine biosynthesis and superoxide radical scavenging were specifically affected by drought
stress [59]. Using the near-isogenic lines (NILs) carrying the resistance genes Ol-1, Ol-2 and
Ol-4 to Oidium neolycopersici, Sunarti et al. revealed that the growth reduction caused by
drought stress was not further aggravated upon powdery mildew (PM) infection, while
more severe drought stress resulted in less biomass of PM. Upon drought stress, the NILs
harboring Ol-2, and Ol-4 displayed normal resistance and cell death phenotype, while the
NIL carrying Ol-1 showed mildly attenuated resistance [60]. Interestingly, many genes
related to hormonal signaling and wound responses, such as SlNCED, SlPR1, SlACS2 and
SlLIN6, were significantly induced, further implying a complex cross-talk of abscisic acid
(ABA), salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and wound signaling during
combined stress conditions.

5. S. lycopersicum Is a Classic Model Species for Studies on Responses to Biotic Stress

Tomato has always been a model plant for studying the defense responses of plants to
pathogenic microorganisms and insects [61,62], which may provide important reference for
the practices in maintaining fruit resistance and reducing food loss. The first Pto gene (a
resistance gene encoding a serine/threonine kinase) for verifying the “gene to gene” theory
was cloned from tomato [63]. Until now, many important resistance-related genes have
been cloned from tomato, which are involved in the resistance to fungi, nematodes, aphids,
bacteria and viruses [64–67] (as summarized in Table 1). From injury stimulation to hor-
monal signaling and resistant gene expression, tomato has been extensively used to explore
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the jasmonate (JA)-regulated immunity of plants in response to insect attack and other
mechanical damages. JA is a phytol-oxylipin hormone modulating growth and immunity
of plants by triggering transcriptional programming, in which the basic helix-loop-helix
transcription factor MYC2 and MED25 (a subunit in the Mediator complex) play a central
role. In the presence of the JA ligand jasmonoyl-isoleucine (JA-Ile), JASMONATE-ZIM
DOMAIN (JAZ) proteins form a co-receptor complex with CORONATINE-INSENSITIVE
1 (SCFCOI1) in a JA-Ile dependent manner, while the SCFCOI1-dependent degradation of
JAZs leads to the release of MYC2; MYC2 thereby activates JA-mediated transcriptional
reprogramming of downstream genes [68]. Most of the MYC-targeted genes were tran-
scription factors (MYC2-traget transcription factors, MTFs) and proteins related to early
JA responses. MYC2 and the MTF JA2-like preferentially regulate wound-responsive
genes, while MYC2 and ETHYLENE RESPONSIVE FACTOR.C3 (also an MTF) prefer-
entially regulate pathogen responsive genes [64], suggesting a differential activation of
wound-responsive and pathogen-responsive transcriptional modules encompassing MYC2.
The transcriptional activation of JA-responsive genes also depends on MED25, a subunit
in the Mediator transcriptional activation complex [68]. Moreover, MYC2 also regulate
the termination of JA signaling by regulating several MYC2-targeted bHLH (MTB) TFs,
which exert antagonistic effects on the MYC2-MED25 transcriptional activation complex by
competing with MYC2 for its targets [66]. In addition to MYC2 and RNA polymerase II,
MED25 also interacts with other regulators involved in MYC2-dependent transcription,
including hormone receptor activation, transcriptional termination and epigenetic regula-
tion (Figure 2) [68], thereby affecting downstream responses of tomato to pathogen and
insect invasion.

Table 1. Representative resistance/tolerance genes from different tomato cultivars.

Gene Name Pathogen Disease Tomato Cultivar Reference

Fungal disease

Asc Alternaria alternata f. sp. lycopersici Alternaria stem canker S. esculentum [69]

Py Pyrenochaeta lycopersici Corky root S. hirsutum [70]

Frl Fusarium oxysporum f. sp.
radicis-lycopersici Crown and root rot S. peruvianum [71]

Ph1, Ph2, Ph3, Ph4, Ph5, Ph6 Phytophthora infestans Late blight S. pimpinellifolium,
S. habrochaites [72]

Cf (Cf-2, Cf-5, Cf-9, etc.) Cladosporium fulvum Leaf mold S. peruvianum [73]

Sm Stemphylium lycopersici, S. solani, S.
floridanum Gray leaf spot S. pimpinellifolium [74]

Lv Leveillula taurica Powdery mildew S. chilense [75]

Ol-1, Ol-3, Ol-4, Ol-5, Ol-6 Oidium neolycopersici S. hirsutum [76]

I, I2 Fusarium oxysporum f. sp. lycopersici
race 1

Wilt
S. pimpinellifolium [77,78]

I3, I7 Fusarium oxysporum f. sp. lycopersici
race 2 S. pennellii [77,78]

Ve1, Ve2 Verticilliium dahliae Verticillium wilt S. esculentum [79]

Bacterial disease

Pto Pseudomonas syringae pv. tomato Bacterial speck S. pimpinellifolium [80]

Rx4, RxLA1589, Xv3, RXopJ4 Xanthomonas
perforans race T3 Bacterial spot of tomato

S. pimpinellifolium (Rx4 and
RxLA1589), Hawaii7981

(Xv3), S. pennellii (RXopJ4)
[81,82]
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Table 1. Cont.

Gene Name Pathogen Disease Tomato Cultivar Reference

Viral disease

Tm-1, Tm-2, Tm22

Tomato mosaic virus (ToMV), tomato
chlorotic spot virus (TCSV),

groundnut ringspot virus (GRSV),
and chrysanthemum stem necrosis

virus (CSNV)

Mosaic S. hirsutum, S. peruvianum [83]

Sw (Sw-5a and Sw-5b) Tomato spotted wilt virus (TSWV) Spotted wilt S. peruvianum [84]

Ty-1, Ty-2, Ty-3, Ty-4, Ty-5, Ty-6 Tomato yellow leaf curl
virus (TYLCV) Yellow leaf curl

S. chilense (Ty-1, Ty-3, Ty-4,
Ty-6), S. habrochaites (Ty-2),

S. peruvianum (Ty-5)
[85]

Nematode disease

Mi1, Mi3, Mi5, Mi9 Meloidogyne incognita S. peruvianum [86]

Aphids

Mi1 Macrosiphum euphorbiae S. peruvianum [86]

Modified and updated from [35].
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Figure 2. Tomato as a model experimental system for investigating host–pathogen interaction. Upon
insect attack or wounding, systemin is processed from prosystemin following proteolytic cleavages
and further binds to its putative receptor STR1/2, thus triggering the octadecanoid pathway for JA
synthesis. SCFCOI1 receptor perceives JA, further triggers JAZ repressor degradation and thus relieve
the transcription factors to induce the expression of JA-responsive genes for defense.

Tomato is significantly affected by an array of pathogens (including bacteria, fungi,
oomycetes, viruses, and nematodes) during cultivation and at postharvest stage [35]. Rapid
advances in integrative omics techniques and other novel techniques have facilitated a
comprehensive elucidation of the molecular machinery underlying the interaction between
tomato and certain pathogens [8,62]. Importantly, tomato fruit–pathogen interaction is
an excellent system for investigating the transition from resistance to susceptibility in
plants [35,87,88]. Transcriptomic, proteomic and metabolomic techniques have been em-
ployed to document the global responses of tomato to infections [8,87,88]. Generally,
fruit at low maturity are more resistant to pathogens, but gradually become susceptible
when the ripening program is triggered [88]. Accompanied with substantial biochemical
and physiological variations, fruit ripening is coordinated by complex signaling events
at transcriptional, post-transcriptional and epigenetic levels [20,89]. As revealed by inte-
grative transcriptomic and metabolomic analysis on 580 introgression lines, S. pennellii
introgressions resulted in the variations for a bulk of transcripts and metabolites in ripening-
related processes [8]. α-tomatine, a major glycoalkaloid in tomato, was transformed into
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esculeosides and lycoperosides during fruit development, which may be important for
reducing the bitter taste and the defense responses of fruit. Meanwhile, specific subsets
of susceptibility- and resistance-related genes also showed significant variations, while
transient knock-down of ACO5, ACD2 and 4CL-like genes resulted in bigger necrotic
lesions following Botrytis cinerea inoculation, suggesting that these genes may be crucial
for the resistance to fungal pathogens in tomato fruit at higher maturity [8]. Blanco-Ulate
et al. performed an RNAseq analysis on tomato fruit following Botrytis cinerea infection,
aiming at examining the gene expression profiles for the signaling of ethylene (ET), abscisic
acid (ABA), salicylic acid (SA) and JA [87]. Notably, in a study using different pathogens to
infect tomato fruit at varied maturity, besides the common factors (chitinases, PR proteins,
WRKY transcription factors, and reactive oxygen species) responding to pathogen infec-
tion, susceptible ripe fruit also displayed strong immune responses [88]. As revealed by
transcriptional profiling and hormone quantitation, susceptible tomato genotypes failed to
maintain the cellular redox homeostasis, whereas endogenous JA production and signaling
were normally activated as observed in resistant fruit. These results collectively suggest
that the interaction between tomato plants (fruit) and pathogens may provide important
reference for modulating quality traits and alleviating fungal diseases.

6. S. lycopersicum Is an Excellent Material for Studies on Nutritional Metabolite
Synthesis and Other Topics in Food Science

As an important component in human diets, tomato has also been an excellent ex-
perimental material for food science owing to abundant beneficial nutrients and antiox-
idants [1,5]. Besides sugars, organic acids, amino acids and other primary metabolites,
tomato is also abundant in pigments, flavonoids, volatiles and other secondary metabo-
lites [90,91]. Moreover, tomato also has some specific secondary metabolites that accumu-
late at millimolar levels, which display antimicrobial and antinutritional activity, such as
α-tomatine [92].

Tomato fruit and its processed products always contain high levels of lycopene and
β-carotene, thus having been regarded as important sources of lycopene and provitamin
A in human diet [7]. Owing to the presence of health-promoting phytochemicals, such as
tocopherols and flavonoids in tomato, tomato and its processed products are catalogued
as functional foods [6]. Tomato cultivars and transgenic lines have been generated with
higher levels of lycopene, β-carotene zeaxanthin and lutein after domestication and ge-
netic breeding [93]. Anthocyanins are also natural pigments ubiquitously distributed in
plants [94–96]. Butelli et al. generated a characteristic purple tomato line accumulating an-
thocyanin at high level by ectopic expression of two transcription factors (Del and Rosea1)
from A. majus. Importantly, these transgenic fruits also significantly prolonged the life span
of cancer-susceptible mice, implying additional health-promoting effects and potential
benefits of application [97]. Similar anthocyanin-enriched fruits have also been reported
for S. lycopersicum lines carrying Aft gene, atv gene and both genes (Aft × atv plants) as
well as S. lycopersicum cv. MicroTom overexpressing AtMYB75 and SlMYB75 [94–96,98,99].
As reported, the Pro35S:BrTT8 tomato fruit accumulated abundant anthocyanins in an
uneven pattern under natural high light, but remained anthocyaninless under low light
conditions [41]. Notably, the endogenous SlTT8 was significantly upregulated in the
Pro35S:BrTT8 transgenic line, implying that SlTT8 may be regulated by BrTT8 and other
potential regulators, rather than a director target of high light signaling [41], which de-
serves further clarification. Nevertheless, all these cultivars may serve as excellent materials
for the study on anthocyanin pigmentation patterns in fruits exposed to light, cold and
other environmental factors, thereby substantially facilitating metabolic engineering on
tomato cultivars.

As narrated in a GWAS mapping of quality traits for tomato fruit, robust phenotyping
and metabolite profiling technologies have enabled high-throughput quantitation of many
growth parameters and variants [4,5]. Meanwhile, the results also demonstrated that
genetic breeding globally affected fruit metabolite content as selection of alleles for fruit
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size and color significantly altered metabolite profiles [7]. In a recent study, Szymanski et al.
performed transcriptional, metabolomic and phenotypic profiling in combination with QTL
analysis on tomato fruit. The integrated transcriptomic and metabolomic analysis identified
a bulk of genomic loci associated with specific transcripts and metabolites. These variations
were associated with key constituents in Solanum glycoalkaloid biosynthesis, as well as tran-
scripts and metabolites involved in responses to pathogens, thereby providing important
data for correlating transcriptional and metabolic reprogramming with pathogen resistance
in tomato fruit [8]. Li et al. constructed a global map of for major metabolic variations
throughout the growth cycle by integrating spatio-temporal metabolomic and transcrip-
tomic data, thus providing resources for investigating metabolic processes in tomato [90].
These results are valuable for dissecting regulatory mechanisms and further metabolic engi-
neering for flavonoids, polyphenols, steroidal glycoalkaloids, phenylpropanoids and other
compounds. These compounds have diversified functions in many important biological
processes in plants, including pigmentation of fruits and vegetables, cell wall biofortifi-
cation, defense responses to pathogen invasion, shields over high-light, drought, chilling
and salinity, as well as precursors for aromatic volatiles [100]. Moreover, these compounds
comprise an indispensable component of our daily diets, as revealed by numerous benefits
of fruits and vegetables in terms of preventing cardiovascular diseases, vitamin deficiency,
obesity and other chronic diseases [101,102]. Metabolic engineering has brought about
many surprises and may fundamentally change our lifestyle in the near future. Given
the newly reported existence of a ‘duplicate’ pathway for steroidal glycoalkaloid (SGA)
biosynthesis in tomato, an excellent study reported exciting results for promoting the accu-
mulation of provitamin D3 in tomato by gene editing for 7-dehydrocholesterol reductase
gene (Sl7-DR2) [103]. As compared with the wild type of fruit, the Sl7-DR2-knockout
homozygous lines accumulated 7-dehydrocholesterol at higher levels in both leaves and
mature green fruit, which is known as provitamin D3, thereby modifying phytosterol
biosynthesis pathway in tomato fruit [103]. According to estimates, the provitamin D3 in
tomato may be comparable to that in two eggs of average size, a dose recommended for
vitamin D by FDA [104]. These results may provide biofortified foods conveniently and
efficiently, thus making it possible to alleviate potential risks of neurocognitive diseases,
tumors and even mortality.

7. Conclusions

In summary, as an excellent material for developmental biology, stress responses and
food science, tomato has substantially expanded our understandings of the unknown
mysteries in life science and food science. However, we are still confronted with some
refractory situations nowadays, such as insufficient food supply and malnutrition in some
poverty areas, as well as obesity, diabetes, cardiovascular diseases and other health-related
problems due to major changes of lifestyles. Given the rapid progresses in scientific and
technological breakthroughs, we can imagine that further in-depth studies using wild
tomato relatives and cultivars may undoubtedly update our knowledge and provide more
health-promoting benefits.

We believe that several aspects should be paid additional attention. Firstly, as the
global climate changes, extreme weather occurs more frequently and severely than ever,
while abiotic and biotic stresses may simultaneously take place during practical tomato
production. It is urgent to find out how plants can stimulate their intrinsic defense ma-
chineries in response to multiple stresses, so as to provide references for the development
of efficient, environmental-friendly and safe strategies to improve broad-spectrum resis-
tance/tolerance in agricultural production. Secondly, CRISPR-Cas9 (clustered regularly
interspaced short palindromic repeats/CRISPR-associated proteins 9) technology and other
genome editing/modification tools have exhibited great potential to increase food yields
and improve food quality, while many selection marker-free transgenic lines have been
generated [62,105]. All these genetically edited varieties still require more flexibility and
attempts in policy regulations from the authorities. Topically, online sales of genome-
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editing tomato fruits containing a high level of GABA (G-aminobutyric acid) have started
early in Japan this year. This is the first agricultural product in the world to be launched
using CRISPR/Cas9 technology [105]. Thirdly, classical breeding techniques should be
organically combined with new techniques, thus enriching the modern toolbox used to
facilitate the improvements in agronomic traits and nutritional traits [106]. With continuous
improvements in people’s requirements for better flavor and longer shelf-life, the way of
consuming tomato gradually becomes diversified, and the demand for tomato flavor is
increasingly higher no matter whether it is consumed as cooking vegetables or fresh fruit.
It is well received by the science community that the research retrieving previously lost
quality traits by genetic manipulation and metabolic engineering is beneficial for enriching
tomato germplasm resources.
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