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interactions. Tomatoes are not just a staple in our diets; they 
are a crucial resource for researchers. This red, juicy fruit 
boasts several characteristics that make it an ideal plant 
for studying plant-pathogen interactions. The experimental 
tractability of S. lycopersicum in laboratory settings allows 
scientists to investigate various plant pathogens and their 
strategies for breaching plant defences [11–14]. Addition-
ally, the tomato’s vast genetic diversity and the wealth of 
available genomic information as well as tomato patho-
gen diversity, facilitate research to unravel the genetic and 
molecular basis of disease resistance and susceptibility and 
reiterate its important position in the pathogen system [3, 
11, 15, 16]. These pathogens have co-evolved with their 
hosts, triggering intricate molecular antagonism between 
them, where plants deploy defence mechanisms to repel 
disease-causing microbes, while the pathogens including 
viruses in turn employ strategies to subvert these defences 
[17, 18]. Viruses are obligate intracellular microorganisms 
that usually remain inactive until they find their way into 
the hosts [19, 20]. They alter the cellular processes of their 
hosts to their advantage, thereby ensuring their successful 
reproduction. Due to their miniature sizes coupled with their 
relatively limited coding ability, the viruses produce pro-
teins with multifunctional characteristics [19].

The advent of cutting-edge technologies, collectively 
referred to as OMICS approaches (such as transcrip-
tomics, genomics, proteomics and metabolomics), has 
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Introduction

Tomato is an economically important vegetable being cul-
tivated globally. It contains the most substantial dietary 
lycopene, flavonoids, β-carotene, hydroxy-cinnamic acid 
derivatives and vitamin C. It possesses antioxidant, anti-
inflammatory and anti-thrombotic activities. Moreover, it 
offers superior bioavailability after cooking or processing 
and helps to reduce disease risks. However, various patho-
gens and climatic changes adversely affect its quality and 
yield [1–7].

Plant diseases significantly impact global agriculture, 
affecting crop yield, food security, and economies. To com-
bat these diseases, plants, including tomatoes, have devel-
oped different defence mechanisms in response to pathogen 
attacks causing infectious diseases. [8–10]. Moreover, sci-
entists have turned to model plants that offer insights into 
the complexities of plant-pathogen interactions. One such 
model, the tomato (Solanum lycopersicum L.), has emerged 
as a valuable asset in advancing our understanding of these 
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revolutionized the study of plant-pathogen interactions [21–
24]. These techniques allow researchers to dissect the molec-
ular interaction that occurs when crop plants are infected by 
disease-causing microbes, providing critical insights into 
the dynamic nature of these interactions [27]. Furthermore, 
biotechnological interventions, such as genome editing and 
genetic engineering, promise to enhance disease resistance 
in tomato crops [26–29]. However, the utilization of these 
powerful tools raises ethical and regulatory considerations 
that need careful examination [30–33].

Emerging challenges from new pathogens and chang-
ing environmental conditions directly affect agricultural 
sustainability and food production [34–37]. As such, this 
paper explores potential research directions and techno-
logical advancements that will shape our understanding 
of plant-pathogen interactions using tomatoes as a model 
system [26]. By carefully going through recent research 
findings and taking cognizant of the important roles played 
by tomato plants, this review aims to highlight some of the 
findings related to plant-pathogen interactions.

Plant-pathogen interaction

A cascade of events, such as pathogen attacks, is involved 
in plants’ reaction to biotic stress. The viral small inter-
ference RNAs (vsiRNAs) target plant host genes that are 
associated with defence pathways [38, 39]. Firstly, the sig-
nal input from the pathogen is recognised by the appropri-
ate receptor (putative Resistance genes (R-genes)) on the 
cell surface of the host plant, which subsequently triggers 
the defence mechanism. Afterwards, signal transmission 
induces the production of defence molecules such as heat 
shock proteins (HSPs), pathogenesis-related (PR) proteins 
and secondary metabolites in the cell [38, 40]. The compat-
ible interaction between pathogens and host plants leads to 
the multiplication of pathogens and their spread. It thereby 
leads to infection and the secretion of effectors by some 
pathogens enhances their virulence [1, 41].

Moreover, compatibility hinges on favourable envi-
ronmental conditions. Besides, viral infection establish-
ment depends on the availability of host factors which are 
genetically controlled and are important in the replication 
and movement of the viral genome, as well as the balance 
between the plant defence mechanism and its suppression 
by the virus [16, 41]. Host factors possess either antiviral or 
proviral activities; the host factor’s proviral activity leads to 
host plant susceptibility to viral attack, while the presence 
of anti-viral or absence of proviral activity in the host plants 
gives rise to mild infection or complete absence of infec-
tion [16]. Moreover, the incompatible relationship between 
the host and its pathogen results in plant resistance against 
the pathogen. [40, 41]. Plant-pathogen interaction can be 

assessed through two traits; plant-related and pathogen-
related traits. The former evaluates the effect of the disease 
on the plant and to what extent it can tolerate the pathogen’s 
presence while the latter assesses the pathogen’s life cycle 
and the host’s ability to affect its dynamics. The heritability 
of the evaluated traits determines the reliability of the assay 
employed, provided the pathogens do not evolve [41].

Pathogen-associated molecular pattern (PAMP), is a con-
served and unique molecular pattern which is identifiable 
by the plant membrane pattern recognition receptors (PRRs) 
(Fig. 1) [42] at the cell surface, which then triggers signal-
ling cascades that lead to PAMP-triggered immunity (PTI), 
a basic immune response [1, 39, 40]. In the quest to fur-
ther hijack the host plant completely, an arms race between 
the host and pathogens leads to the evolution of a novel 
mechanism of defence and counter-defence that involves 
a hormone-mediated signalling pathway [15, 40, 43]. Plant 
pathogens secrete effector proteins which enhance their vir-
ulence. Effector proteins are non-structural proteins encoded 
by either small RNA (sRNA) segments or messenger RNA 
(mRNA) (NSs or NSm). This action prompts the host plant 
cell to activate another level of defence response called 
effector-triggered immunity (ETI), and hypersensitive cell 
death response (HR) will be produced. The HR prevents 
further spreading of the pathogen in the host, and it can be 
physically recognized via localized necroses at the point of 
pathogen attack on the plants (Fig. 2) [41, 44].

NSs were said to be associated with hormone receptors 
and these proteins hamper the activity of the hormone-sig-
nalling pathways associated with it. NSs indirectly inter-
act with hormone receptors; instead, they bind to a protein 
known as TCP21, that interacts with these receptors which 
in turn represses their signalling activities. This interac-
tion prevents the degradation of proteins involved in the 
suppression of the hormone-signalling responsive genes’ 
expression and thereby, enables virus infection in the plants. 
Conversely, the host plant counterattacks by evolving a 
resistance (R) gene that recognizes this interference and 
thereby triggers defence [45]. Additionally, in Capsicum-
infecting Begomoviruses (CIBs), epigenetic modifications 
of histones associated with minichromosomal structure are 
very crucial in the molecular arms race between viruses and 
their hosts [46]. Specific effectors from different pathogens 
are identified by nucleotide-binding site leucine-rich repeat 
(NBS-LRR) protein receptors [1, 39]. Plant NBS-LRR 
protein receptors can be divided into two groups, namely: 
Coiled-coil NBS-LRR (CC-NBS-NRR) and Toll/interleu-
kin-1 Receptor (TiR-NBS-LRR) receptors [39, 41]. The 
activation of PTI and ETI leads to a buildup of some plant 
hormones such as salicylic acid (SA), jasmonic acid (JA), 
ethylene and abscisic acid (ABA) and SA stimulates tran-
scription of a number of R-genes [39].
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Effector proteins

Plant pathogens secrete effector molecules into the host plant 
thereby undermining the plant’s cellular immune responses 
to infections through a process known as effector-targeted 
pathway (ETP) [47]. Effectors play a major role in plant-
pathogen interaction and understanding their roles in plant-
pathogen interaction will give an insight into how they can 

be manipulated to enhance plant resistance to the viruses; 
they are hypothesized to be important in identifying R-genes 
[41, 47] and subsequently, elucidating the major players in 
the plant immunity pathways [47]. Many host plant defence 
pathways such as natural immunity, RNA silencing, tran-
scription, vesicle trafficking and cell signalling are targeted 
by effector proteins. Many of these are amassed on con-
served proteolytic degradation pathways like autophagy 

Fig. 2  The arms race between the host plant R-proteins (R-genes) and the avirulence protein (AvrPro) (Diagram adapted from Gururania et al. 
2012)

 

Fig. 1  Plant resistance mechanism against pathogens. (Diagram adapted from Md Abdul et al. 2016 cited in Poonam et al. 2017)
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Host plant resistance and susceptibility

Numerous plant diseases are caused by viruses, which nega-
tively affect plant quality and yield and the tomato plants 
are not left out [2]. The viruses are popular with hijacking 
and utilizing the genome of their host plants to their advan-
tage and there are no curative measures for viral diseases 
except for cultural practices such as prophylactic methods, 
the use of pesticides/insecticides, as well as the adoption of 
genetic resistance to reduce the damage resulting from viral 
infection [2, 3, 5]. Owing to the non-availability of antiviral 
products, an important and environmentally friendly aspect 
of the sustainable disease management system is the iden-
tification/development of host resistance against pathogens 
from genetic resources mostly selected from landraces and 
wild relatives. However, in the course of crop domestica-
tion and plant breeding, many resistance genes that are 
mostly linked to undesirable characters have been lost [5, 
38, 39, 41, 51–54]. Since it is difficult to eradicate tomato 
viruses due to their high genetic diversity because of the 
high occurrence of mutation in these viral genetic materi-
als coupled with their fast-spreading nature, [5, 48], it will 
be important to identify and remove the non-redundant pro-
teins in the host according to the biological characteristics 
of the viruses coupled with RNAi technology as another 
alternative to combat tomato viruses [55]. Moreover, proper 
weed management needs to be taken into consideration as 
some weeds including members of the family Solanaceae 
to which tomato belongs, serve as reservoirs for tomato 
viruses [56–60].

Three criteria are employed to measure host plant resis-
tance: durability, efficacy and spectrum of resistance. A sim-
ple biological assay under artificial conditions is adopted to 
assess the host plant’s resistance to diseases [41]. Effector 
proteins manipulate or alter the host cellular function by 
either overpowering the plant defence mechanism or imitat-
ing the avirulent factor when it is identified by resistance 
protein [41]. However, from an array of pathogen avirulent 
genes, most conserved effectors can be identified, manipu-
lated and employed to develop alternative and efficient 
R-genes against pathogens [41]. Resistance can be grouped 
into qualitative/simple and quantitative/complex resistance. 
In simple resistance, the susceptible progenies are clearly 
distinguished from resistant ones. Qualitative resistance is 
mostly involved in plant defence strategies against biotro-
phic pathogens. R-genes play vital roles in the recognition 
and stimulation of defence against pathogens and the resis-
tant alleles involved are generally dominant alleles while 
the loss-of-function in S-genes will lead to plant resistance 
against pathogen attack; however, this type of resistance 
remains a recessive form of resistance [41, 61].

and the Ubiquitin-proteasome system (UPS). These consti-
tute important aspects of the plant defence system which 
determine the outcome of plant-pathogen interaction [47].

These effector proteins are encoded by avirulence (Avr) 
genes. As the pathogens attack the host plants, they intro-
duce effector proteins also known as Avr proteins (AvrPro) 
directly into the plant cells at the beginning of infection. The 
effectors subsequently alter the physiological condition of 
the host to the advantage of the pathogens or suppress the 
activation of the host plant defence mechanisms [44]. Effec-
tor proteins released into host plant cells by the pathogen 
trigger a defence mechanism known as R-gene-mediated 
pathogen resistance [44]. Each R-gene product corresponds 
to an avirulence factor (Avr) encoded by the virus (Fig. 2) 
[44, 48]. This resistance is stimulated by the two above-
mentioned factors while the modification of any of them or 
their absence results in susceptibility to pathogens [41]. In 
a different model, the plant host factor known as Pto pro-
tein kinase is modified when targeted by the pathogen’s 
AvrPro. The R-gene Prf identifies this modified molecule 
and subsequently stimulates a series of resistant events 
[41]. For instance, Capsicum annuum L. and C. chinenses 
Jacq. (resistance cultivars) possesses the Tsw gene that 
recognizes NSs effector protein from tomato spotted wilt 
virus (TSWV) (Orthotospovirus tomatomaculae), thereby 
inducing defence against the virus [45, 49]. Therefore, the 
host plants employ RNA interference (RNAi) mechanisms 
coupled with an inherent plant immunity to prevent TSWV 
attack [39]. In view of the above, the phenotyping of HR 
provides new tools that can be employed in screening the 
gene pool of variability, through the specific recognition 
between R- and Avr proteins [48].

Effector proteins can be classified into three main groups, 
namely: degraders, suppressors and stabilizers. Viral effec-
tors like β-C1, TYMVpro, and p25 from cotton leaf curl Mul-
tan virus (CLCuMuV) (Begomovirus gossypimultanense), 
turnip yellow mosaic virus (TYMV) (Tymovirus brassicae) 
and beet necrotic yellow vein virus (BNYVV) respectively 
are examples of stabilizes; the stabilizers directly or indi-
rectly prevent the degradation of target proteins thereby 
promote diseases while HCPRO from potyviruses was cat-
egorized as suppressor which acts as RNA silencing sup-
pressor [47]. Nla-Pro associated with turnip mosaic virus 
(TuMV) (Potyvirus rapae) and potato virus Y (PVY) (Poty-
virus yituberosi) is likely to be a degrader [50] and some 
of the viral effectors play a dual role [47]. Moreover, some 
effector proteins from viral pathogens for example γb, P4 
protein and HcPro from barley stripe mosaic virus (BSMV), 
cauliflower mosaic virus (CaMV) and TuMV respectively 
target autophagy pathway and they are in turn targeted by 
the host plant cells in a counterattack [47].
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materials. Therefore, viruses with mutated genetic material 
usually suppress the host plant’s defence mechanism and 
this phenomenon is known as resistance breakdown [20]. 
The incomplete or complete collapse of resistance against 
TYLCV in tomato plants has also been documented espe-
cially for Ty-1 and Ty-2 due to mutation and recombination 
as a result of mixed infection and therefore, there is a need 
to continuously search for novel R-genes from the tomato 
gene pool of variability [41, 62, 65].

Tomato spotted wilt virus (TSWV) (Orthotospovirus 
tomatomaculae), a member of the Tospoviridae family is 
among the topmost destructive tomato viral diseases glob-
ally, causes stunted growth with chlorotic or necrotic spots on 
leaves and fruits, leaf rolling and rings on leaves and stems. 
Its main carrier is Western flower thrips (Frankliniella occi-
dentalis) and it invades the host plant through mechanical 
inoculation. TSWV infected its vector at the larval stage [3, 
38, 39, 62, 70]. In some cultivars/varieties, genes associated 
with TSWV resistance were identified. These genes have a 
connection with NBS-LRR proteins, TFs, protein kinases, 
host defence, phytohormone signalling, cell wall, photosyn-
thesis, gene silencing and miRNA targets [38]. The largest 
family of R-gene encodes NBS-LLR, and the organization 
of NBS-LRRs in the cluster is involved in the evolution of 
R-genes through intra- and inter-genic recombination as 
well as sequence exchanges [41].

Additionally, some natural resistant genes (Sw) were 
identified in some tomato cultivated lines and some of its 
wild relatives such as Lycopersicon peruvianum Mill., (Syn-
onymy Solanum peruvianum), L. pimpinellifolium Mill. 
(Synonymy S. pimpinellifolium). These include: Sw1a, Sw-
1b, Sw-2, Sw-3, Sw-4, Sw-5, Sw-6, and Sw-7; sw-2, sw-3, 
sw-4 are usually in recessive forms [2, 3, 41, 69, 70]. Sw-5 
can reduce and/or control the virus movement. There was 
speculation that TSWV-RdRp is being degraded by a cor-
responding action in the plant defence pathway or probably 
the Sw-5’s function stems from the absence of a TSWV 
protective system [71]. Early identification of NSm protein 
by Sw-5 protein likely activates the programmed cell death 
(PCD) in the immune response pathway [71]. Alternatively, 
a silencing interference network might have rapidly targeted 
RdRp leading to the synthesis of a high number of vsiRNAs 
complementary to the NSs. In a counterattack, the synthe-
sized vsiRNAs could have been used to the advantage of the 
virus by targeting the host genes resulting in a viral infection 
cycle [71].

Over time, resistance induced by Sw-5 as well as other 
R-genes to other viral diseases is being compromised 
due to the emergence of new isolates and constant muta-
tion. New viral emergence is driven by plant viral genetic 
variability and recombination, pseudo-recombination, 
the acquisition of extra genomic components, changes in 

It should be noted that S-genes are primarily important 
in plant biological processes including plant development 
and their modification may have undesirable effects on plant 
production [40, 41, 61]. On the other hand, quantitative 
resistance shows an extensive range of responses to infec-
tion from the most resistant plant to the most susceptible 
one. It is a polygenic trait with minor effects and it can be 
environmentally influenced; it has the prospect of confer-
ring broad-spectrum and long-lasting resistance on the host 
plant against pathogens [41, 61].

Tomato yellow leaf curl virus (TYLCV) (Begomovirus 
coheni) is from the Geminiviridae family and it causes 
stunted growth, leaf curling, leaf yellowing and flower 
abscission with nearly no yield on infecting tomato plants. 
It is spread by whitefly (Bemisia tabaci) [2, 38, 62]. Some 
genes were identified to be related to TYLCV resistance 
pathways, which include cell wall formation and reorga-
nization, ethylene response, salicylic acid biosynthesis, 
tryptophan/nicotinate, phenylpropanoid, urea/polyamine 
pathways [63, 64], transcription factors (TFs), defence 
response, metabolite synthesis and ubiquitination [38]. 
Resistant genes against TYLCV in tomato plants have been 
identified from its wild relatives (Solanum peruvianum L., 
S. pennellii Correll, S. cheesmaniae (L. Riley) Fosberg, S. 
pimpinellifolium L., S. chilense (Dunal) Reiche, and S. hab-
rochaites Knapp& Spooner). So far, six Ty resistance genes 
(Ty-1, Ty-2, Ty-3, Ty-4, Ty-5 and Ty-6) were identified, and 
mapped onto different chromosomes and they are inherited 
independently [3, 5, 62, 65, 66]. It was suggested that Ty-1 
boosts an antiviral TGS response as it changes the antiviral 
small interfering RNA (siRNA) profile [67]. The interaction 
among the Ty-resistant genes can give rise to hybrid plants 
with better resistance ability in comparison with their parent 
lines. In a study, it was revealed that tomato cultivars with 
Ty-1/Ty-3 and Ty-2 combination gave the highest level of 
resistance against begomoviruses [5, 68].

Moreover, molecular markers corresponding to each of 
the genes were developed and three of them were success-
fully cloned and characterized [62]. Through Marker-assisted 
selection (MAS), these resistant genes were effectively 
incorporated into commercial cultivars in India via intro-
gression [62]. MAS is another tool that is being employed in 
modern breeding in recent times because it improves selec-
tion accuracy, reduces breeding costs and not environmen-
tally influenced, and helps in the pyramid cation process of 
resistant genes as the conventional plant breeding is time-
consuming, especially in case of polygenic traits and is less 
precise [62, 69]. Moreover, MAS enables the aggregation of 
various R-genes that will enhance stability and prolonged 
resistance [39]. However, pathogenic viruses are character-
ized by a deficiency in proofreading their genome which 
consequently leads to a high mutation rate of their genetic 
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expression patterns, and functional roles and they interact 
with other proteins to form multi-component regulatory 
complexes [80, 81]. Furthermore, some upregulated genes 
in Sw-7 resistance line have a connection with lignin depo-
sition, callose accumulation, transcriptional activation or 
repression, proteolysis and phosphorylation [72]. Similarly, 
a MADS-box TF was identified as one of the putative tar-
gets for TY-2 resistance in tomatoes against TYLCV [72]. 
However, the identification result of the TSWV resistance 
from natural field inoculation is difficult to reproduce owing 
to TSWV geographical distribution specificity [39]. There-
fore, molecular linkage markers were primarily developed 
for Sw-5 and Sw-7 genes [39].

Tomato mosaic virus (ToMV) (Tobamovirus tomatotes-
sellati), which belongs to the family Virgaviridae, is mainly 
transmitted through mechanical contact during farm opera-
tions. It is challenging to control it, because infected seeds 
can also transmit the virus. Its symptoms include stunted 
growth, mottling appearance, and reduction in fruit produc-
tion. The degree of the symptoms is determined by the host 
genotype, age, environmental conditions, and the occur-
rence of recombinants among the isolates [62, 82]. Never-
theless, dominant R-genes (Tm-1, Tm-2 and Tm-22) were 
incorporated into some susceptible lines to confer resistance 
on the tomato plants through introgression, particularly Tm-
22, which is a broad-spectrum resistant gene and has been 
proven to be potent and stable over the years until recently 
when a novel Tobamovirus species known as tomato brown 
rugose fruit virus (ToBRFV) (Tobamovirus fructirugosum) 
emerged and infects tomato lines carrying Tm-22 [2, 52, 62, 
83–86].

The symptoms of ToBRFV depend on age, cultivar and 
environmental conditions with yellowing and plant wilt-
ing in case of severe infection. It is transmitted primarily 
through mechanical means, contaminated seeds and con-
tact with infected plants. The presence of Tm-22/Tm-22 in 
homozygous form does not hinder ToBRFV multiplica-
tion. ToBRFV movement protein (MP) escaped from being 
recognized by Tm-22 and its MP possesses an important 
residual amino acid reported to be responsible for its action 
[82, 86, 87]. However, ToBRFV MP is not as effective as 
tobacco mosaic virus (TMV) (Tobamovirus tabaci) MP 
(TMV is similar to ToMV) for viral cell-to-cell transpor-
tation. Therefore, it was speculated that the emergence of 
ToBRFV through adaptation to TM-22 in tomato plants 
might not be unconnected to fitness costs. Cultural control 
has not achieved much success and therefore, the search for 
new resistance cultivars has to be continued [82, 86, 87]. In 
Arabidopsis, a homologous Tobamovirus S-gene, TOBAM-
OVIRUS MULTIPLICATION 2 A (TOM2A) was identified 
and its mutated version was revealed to be recessive genes 
for TMV in Niacotiana tabacum L. TOM2a is strongly 

climatic conditions resulting in enabling environments for 
viruses, exchange of plant materials, changes in agricul-
tural practices, trades and ease of human movement across 
the globe [2, 5, 41, 72–74]. Moreover, mixed viral infec-
tion allows intra-species and inter-species recombinations 
which encourages synergism that leads to the development 
of new viral isolates and the breakdown of host plant resis-
tance against different viruses as shown in a mixed reaction 
that involved TYLCV and tomato chlorosis virus (ToCV) 
(Crinivirus tomatichlorosis) which is more severe com-
pared to single infection. Similarly, a co-infection involving 
TYLCV and tomato yellow leaf curl Sardinia virus (TYLC-
SaV) (Begomovirus solanumflavusardiniaense), automati-
cally resulted in the recombination of the two viral genomes 
giving rise to an emergence of new viral isolates (TYLCV/
TYLCSaV recombinant (LSRec)) in southern Morrocco. 
This recombinant then replaced the parental viruses as it 
possesses better fitness when compared with its parental 
viruses and was stimulated by beneficial intra-genomic 
interaction [46, 75–78]. The recent effort towards the devel-
opment of lasting and durable resistance against pathogen 
attack involves the employment of combinations of R-genes 
at the molecular level or in the field to prevent the evolu-
tion of pathogen population [41] and a tomato resistant line 
against TYLCV, tomato torrado virus (ToTV) (Torradovirus 
lycopersici), and tomato marchitez virus (ToMarV) (Torra-
dovirus marchitezum) has successfully been developed [5].

A newly discovered gene, Sw-7 has been demonstrated 
to confer resistance on some tomato lines against an array 
of TSWV [39, 72]. Sw-7 was proven to engender resistance 
against a large variety of TSWV strains and it was estab-
lished that PR-5 plays a crucial role in Sw-7 resistance. Its 
overexpression was revealed to enhance resistance against 
TSWV thereby delaying virus accumulation and symptom 
expression [39, 72]. Moreover, PR-10 and Sw-5b were sig-
nificantly upregulated in the tomato plant infected by TSWV 
[79]. PR protein is usually accumulated in plants upon the 
pathogen attack and it is particularly stimulated as a defence 
response via local and systemic acquired resistance which 
could impair viral movement [72, 79]. MADS-box genes 
have been implicated for possible involvement in SW-7 
resistance status as they were stimulated in the SW-7 resis-
tance line against TSWV [72]. The MADS-box genes code 
for the MADS-box proteins which are conserved transcrip-
tion factors (TFs) with diverse biological activities such as 
floral development, determination of floral organ identity, 
floral meristem formation, and regulation of flowering time 
and responses to environmental cues. More so, they play an 
important role in regulating target genes. Additionally, they 
possess a weakly conserved K-box domain, facilitating the 
dimerization of transcription factors. These genes are cat-
egorized into various subfamilies based on their sequences, 
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In Cucumis melo ssp. agrestis (Naudin) Pangalo, the 
resistant gene to ToLCNDV has been identified from some 
cultivated lines and wild relatives. Twelve candidate genes 
were identified through the expression analysis of the leaves 
of two melon plants with contrasting genotypes [93]. One 
of these genes, CmARP4 is involved in the cytoskeleton 
structural function which enables viral protein transporta-
tion. This candidate was suggested to be a promising gene 
in plant breeding and can further be explored to develop a 
resistant line against ToLCNDV in tomato plants [93].

Secondary metabolites

Another sustainable plant disease management is the 
manipulation of innate defence mechanisms. An array of 
naturally occurring compounds such as cell wall compo-
nents and metabolic enzymes are known to be involved 
in the plant defence against pathogen infection and this is 
known as induced resistance [94]. These are biochemical 
compounds that have roles in molecular and cellular sig-
nalling pathways and manipulating the concentration of 
their components suppresses the disease development in the 
host plants. For instance, the cell wall being the main target 
of pathogen attack, its components’ concentration can be 
manipulated to confer resistance on the host plant against 
the pathogens. However, environmental influence may 
cause resistance breakdown [94, 95]. In wheat, the repres-
sion of tryptophan, L-tyrosine, phenylalanine and isoleucine 
at a low temperature conferred resistance on the wheat plant 
against wheat streak mosaic virus (WSMV) (Tritimovirus 
tritici) which was broken down at high temperatures [95]. 
This metabolite concentration-modified induce-resistance is 
linked to lipid metabolic, amino acid metabolic, carbohy-
drate, alkaloids and signalling transduction pathways. This 
finding revealed the possible influence of global warming as 
a result of climate change on host plant resistance against 
pathogen infection [95]. In chilli leaf curl virus (ChiLCV) 
infected plants, there was a higher accumulation of malo-
ndialdehyde, proline, polyphenols and sugar compared with 
what was recorded in uninfected plants [96]. These second-
ary metabolites can be manipulated for the advantage of the 
host plants.

Transcription factors

Many genes have been identified to be responsive to patho-
gen attacks and some of them encode TFs [1]. These TFs 
play a vital role in a plant’s inherent immune system; they 
either stimulate or suppress gene expression in response to 
pathogen attacks [1]. In addition, the TFs play central roles 
in regulating genes’ response to stress and other biological 
processes thereby making them promising candidates for 

conserved, and its loss-of-function is prevented by selective 
pressure. The artificial knockout (KO) of TOM2A orthol-
ogy in tomato plants conferred resistance against ToMV 
and TMV, suggesting it is a promising genetic molecule to 
be explored in developing tomato resistance lines against 
ToBRFV [88].

Another novel virus recently discovered is tomato mottle 
mosaic virus (ToMMV) (Tobamovirus maculatessellati). 
Its symptoms include mottling, necrosis and leaf distortion. 
ToMMV replication is highly suppressed in Tm-22/ Tm-22 
homozygous and Tm-22/ Tm-2 heterozygous plants whereas 
Tm-22/ tm-2 heterozygous tomato plants were infected by 
ToMMV [50]. Tm-22 gene confers resistance on the host 
plants against tobamoviruses by identifying and suppress-
ing viral MP [87]. The momentary expression of ToMMV 
MP in the leaves of Tm-22N. benthamiana Domin, stimu-
lated hypersensitivity cell death-related response thereby 
signifying that MP of ToMMV is a virulent factor for Tm-22 
resistance and the resistance is controlled by allele combi-
nation as well as its concentration which is influenced by the 
environment [87].

A cross-protection mechanism can also be employed in 
tomato plants to protect them against viral pathogen attacks. 
This is a phenomenon in which a plant previously infected 
by a particular virus strain shows a delay in response or is 
protected against the subsequent infection by a different 
strain of the same virus or its close relation. Therefore, a 
less virulent virus strain is usually selected from the natural 
strains or obtained by a means of artificial treatment of the 
virulent strains with ultraviolent irradiation, specific tem-
perature or incubation with nitrous acid [82]. The attenuated 
ToMV was previously employed in tomato plants to pro-
tect them from ToMV. Through modification, a more potent 
resistance against ToMV can be achieved as the breakdown 
of Tm-22-based resistance continues. Such a method was 
recently applied to control disease caused by Tobamovirus 
in Physalis alkekengi Mill [82].

Other tomato viruses include tomato torrado virus 
(ToTV) (Torradovirus lycopersici), pepino mosaic virus 
(PepMV) (Potexvirus pepini), tomato infectious chloro-
sis virus (TICV), tomato yellow ring spot virus (TYRSV), 
tomato necrotic ring virus (TNRV), groundnut bud necrosis 
tospovirus (GBNV), cucumber mosaic virus (CMV), potato 
virus X (Potexvirus ecspotati), PVY, Capsicum chlorosis 
virus (CaCV) (Orthotospovirus capsiciflavi), watermelon 
bud necrosis tospovirus (WBNV) (Orthotospovirus citrul-
lonecrosis), Parietaria mottle virus (PMV), tomato leaf 
curl New Delhi virus (ToLCNDV), (Begomovirus solanum-
delhiense), tomato leaf curl Bangalore virus (ToLCBaV) 
(Begomovirus solanumbangalorense), tomato leaf curl virus 
(TLCV), and southern tomato virus (STV) [2, 62, 89–92].
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This triggers complementarity and cleavage of viral targets 
thereby amplifying silencing [39]. Plants can prevent viral 
attack via their RNAi immune pathway and therefore RNAi-
mediated technology can be employed in the development 
of tomato-resistant lines which are immune to various viral 
infections [39].

Conversely, RdRP1 plays dual roles; it is involved in the 
SA resistance pathway and it can also impede the RdRP6-
mediated antiviral RNAi mechanism in plants. NSs protein 
secreted by the virus prevents RISC activity by clinging to 
AGOs and consequently suppresses the RNAi mechanism 
leading to the breakdown of plant resistance [39]. TuMV 
is an example of RNA plant viruses that exploit autopha-
gic components to their advantage by upsetting the RNA-
silencing factor [4]. In addition, a new technique in RNAi 
called Spray-Induced Gene Silencing (SIGS) or exogenous 
application of RNA molecules has been introduced which 
is a powerful innovative technique that leads to the produc-
tion of transgenic-free crops [102, 103]. Moreover, NBS-
LRR-Lipid Transfer Protein (LTP) which serves as the basal 
immune response against pathogens in association with the 
RNA silencing technique can confer resistance on the host 
plant against viral diseases [104].

RNA silencing connects the plant developmental path-
way with response to pathogen attack via transcriptional 
gene silencing (TGS) and post-transcriptional gene silenc-
ing (PTGS) of unique target genes [8, 73, 89, 101, 105, 106]. 
ToLCNDV AC2 (transcription activator protein) and AV2 
(pre-coat protein) genes were reported to repress the silenc-
ing activity of the host plant’s TGS- and PTGS-mediated 
defence network while AC3 (Replication enhancer protein), 
AC4 (pathogenesis-related protein) and AC5 (which facili-
tates viral infection and movement) were implicated in the 
suppression of TGS-mediated defence network only. These 
genes can be manipulated to confer resistance in tomato 
plants against viral diseases [73]. AV1 encodes coat protein 
and it has been implicated in viral nucleo-cytoplasmic shut-
tling and AC1 (replication-associated protein) is involved in 
rolling circle replication; the suppression of these genes hin-
ders virus development and replication. Silencing TYLCV 
AV1, AC1 and AC3 simultaneously gave 100% resistance 
against TYLCV while silencing these genes separately was 
not effective [99, 100]. Similarly, from another research by 
Patil et al., AC1, AC2 and AC4 (from DNA-A component) 
and BC1 (from DNA-B component) genes from African 
cassava mosaic virus (ACMV), a geminivirus, were docu-
mented to be effectively targeted by RNAi mediated mecha-
nism and subsequently confer double resistance on cassava 
plant against ACMV either in combination or individually 
[100]. Likewise, the RNAi mechanism was successfully 
demonstrated to provide cross-protection on cassava plants 
against cassava brown streak virus (CBSV) (Ipomovirus 

the development of pathogen-resistance tomato plants [1]. 
Also, TFs are involved in PTI and ETI at different various 
regulatory stages; they interact with PAMPs or effector pro-
teins to either induce or repress PTI or ETI [4].

Some families of TFs that have been indicted for being 
involved in immune responses against pathogens include 
WRKY, NAC, (NAM, ATAF, CUC), Apetala2/ Ethylene 
Responsive Factor (AP2/ERF), basic leucine zipper domain 
(b-ZIP), basic helix-loop-helix (b-HLH), Mitogen-acti-
vated protein kinases (MAPKs), PR protein, receptor-like-
kinases (RLKs). For instance, TGA protein, a b-ZIP TF was 
reported to be involved in defence against pathogen attack 
[1, 38]. The overexpression of SiNAC1 from tomato in 
tomato leaf curl virus (TLCV) DNA, was demonstrated to 
enhance TLCV replication and this upregulation involves 
Geminivirus replication enhancer (REn) [90]. The TFs can 
therefore be manipulated to confer resistance on the suscep-
tible tomato lines. Furthermore, there was an activation of 
WRKY16 due to ToLCNDV infection in the tomato plant. 
This infection also stimulated the SA response pathway as 
shown by a significant induction of PR-1a, the most impor-
tant gene in the SA signalling pathway and WRKY proteins 
were known to induce SA [97]. Additionally, a gene that 
plays a very critical role in cell expansion and vein forma-
tion, TORNADO 1 (SlTRN1) was highly upregulated in 
infected tomato plants. It was then hypothesized that stimu-
lation of the SA network upon the ToLCNDV infection in 
tomato plants induces WRKY16 and subsequently regulates 
SlTRN1 gene transcription. SA is the primary hormone that 
spreads the first layer of defence response in plants infected 
by biotrophic pathogens [97].

RNA interference

RNAi is a conserved regulatory functional pathway that 
plays a central role in controlling genes and defence against 
viral attack. It facilitates sequence-specific gene silencing 
and it is an effective technique that has been shown to be 
efficient in the development of viral-resistant crops [39, 67, 
70, 98, 99]. The RNAi mechanism has been reported to be 
effective in controlling the viruses from the family Gemini-
viridae, which are among the deadly plant viruses causing 
disease [ 100]. RNA silencing is a natural antiviral defence 
machinery involved in plants’ response to viral infections 
[101]. In plants, the RNA-dependent RNA polymerases 
(RdRPs) use viral small interfering RNAs (vsiRNAs) as a 
template for double-stranded RNA production. The viral 
double-stranded RNA (vdsRNAs) from viral mRNA such 
as TSWV is cleaved by RNase III dicer-like protein (DCLs) 
into vsiRNAs usually between 21 and 22 nucleotides. A 
vsiRNA clings to an Argonaute (AGO) and is subsequently 
loaded onto an RNA-induced silencing complex (RISC). 
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113]. In addition, miRNAs target TFs and hormone recep-
tors that are pathogen attack-responsive [109].

Many miRNAs mostly conserved, are known to be 
involved in the host plant defence strategies. These include 
miR156, miR159, miR160, miR162, miR164, miR166, 
miR167, miR168, miR169, miR171, miR172, miR319, 
miR396, miR397, miR398, miR399, miR403, miR408, 
miR447and miR482 [15, 73, 112]. MiR156/157 which tar-
gets squamosa promoter binding protein-like (SPL) TF is not 
unconnected with the regulation of plant growth and devel-
opment and it has been also indicted in pathogenic changes 
in infected tomato plants [15]. In addition, the virus genome 
may be targeted by miRNAs to hinder its reproduction as 
well as function via RNA silencing [15]. MiR398 targets 
copper-zinc superoxide dismutases (CSD1/2), which mops 
up reactive oxygen species (ROS). There is a high accu-
mulation of ROS in plants responding to pathogen attacks, 
leading to oxidative stress; the modulation of miR398 and 
its targets can enhance the host plant’s defence against 
the pathogen attack [15]. Moreover, miR6022, miR6023, 
miR6024, miR6026, and miR6027 target R-genes indicat-
ing that miRNAs have crucial roles in modulating R-genes 
in stimulating the host resistance against viral diseases [73, 
113]. In a ToLCNDV-resistant line lacking the Ty gene, the 
Sw5a gene was identified, and its expression is controlled by 
SlMYB33, which is then regulated by miR159 [114]. The 
repression of SlSw5a through virus-induced gene silenc-
ing (VIGS) led to severe disease symptoms and increased 
viral titre in resistant cultivar leaves. While in plants where 
SlMYB33 was knocked down, there was repression of 
SlSw5a, suggesting that SlSw5a acts downstream of Sly-
miR159-SlMYB 33 modules leading to the activation of 
HR thereby conferring resistance on the tomato plant [114].

The quest for understanding the role played by certain 
miRNAs in plant-pathogen interaction led to the designing 
of artificial miRNAs (amiRNAs) which target relatively 
conserved loci on viruses to suppress the pathogenic abil-
ity/ virulence of most virus strains even when mutations 
occur, thereby conferring a broad-spectrum viral resis-
tance on plants, and many miRNAs have been successfully 
employed for precise silencing of viral genome in plants. 
The amiRNA functions are similar to those of plants’ natural 
miRNAs [15, 89, 109]. The amiRNA is designed through 
the replacement of the mature miRNA sequences within the 
primary transcript (pri-miRNA) with customised 21-nucle-
otide RNA segments which correspond to viral targets and 
possess favourable characteristics for AGO loading [115]. 
It has been demonstrated that the amiRNAs-mediated tech-
nique is a promising application that can be employed in 
developing host plant resistance to plant viruses as it was 
shown by the resistance conferred on cassava plants through 
its application against CBSV and CBSUV [116]. Similarly, 

brunusmanihotis) which is responsible for cassava brown 
streak disease (CBSD). It was shown that the level of cross-
protection corresponded with the expression level of small 
interfering RNAs (siRNA) [107]. Furthermore, the effective 
control of cassava brown streak Uganda virus (CBSUV) 
through RNAi technology was attributed to PTGS [108]. In 
plants, PTGS is an RNA-mediated virus resistance mecha-
nism employed to suppress the expression of pathogenic 
virulence gene(s) [20].

Genome editing

With challenges associated with the acceptance of crop 
products obtained through transgenic means by the public, 
a new technique called genome editing has been devised 
therefore reducing safety issues which is of main public 
concern associated with previous transgenic approaches 
[102, 109]. Genome-editing in plants through CRISPR/ 
CRISPR-associated protein (CRISPR/Cas) is a technol-
ogy in plant breeding, which is employed in developing 
non-transgenic mutants with desirable traits to ensure food 
security. It enables an efficient, specific and targeted modifi-
cation at genomic loci [38, 110] and this technique surpasses 
all other genetic engineering technologies [111]. With the 
CRISPR technique, the development of new genetic vari-
ability or desirable traits, including disease resistance, can 
be achieved within a short period compared with conven-
tional breeding through introgression and mutational breed-
ing techniques via the targeted degradation of the viral 
genome, modification of R-genes and transformation of sus-
ceptible (S) genes [38–40, 98, 109, 110]. The technique has 
been employed in some other crops and can be replicated in 
tomato crops to develop resistant lines [39]. Moreover, new 
microRNAs (miRNAs) can be generated through the muta-
tion of the known ones using CRISPR/Cap to target new 
pathogen effectors in plants [109].

MicroRNAs

The small, endogenous, non-coding RNA molecules, usu-
ally between 20 and 24 nucleotides, known as miRNAs, are 
very crucial in the modulation of gene expression [93, 109, 
112]. These small molecules are important in various plant 
biological processes, namely: plant growth and develop-
ment as well as response to both abiotic and biotic stress 
conditions. They have been implicated in the modulation of 
the arms race between tomato plants and viruses for playing 
a vital role in immune regulatory pathways [15, 109, 112]. 
MiRNAs target many plant NBS-LLR genes or R-genes, 
making them essential parts of plant disease stress-signal-
ling pathways and the basis for their involvement in some 
new applications adopted in modern plant breeding [109, 
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undergo the process of maturation [117]. Some of the prod-
ucts from this process are converted to dsRNAs by RdRP6 
(Fig.  4). Subsequently, the dsRNAs produced are cleaved 
into 21-nt segments (phases) by DCL4 and these are called 
phased siRNAs (phasiRNAs). Hence, the phased production 
of secondary siRNAs through next-generation sequencing is 
termed artificially induced phasiRNAs (atasiRNAs) [117]. 
The atasiRNAs have been documented to be useful in devel-
oping resistant crops against viruses. A phased siRNA devel-
oped by targeting the AC2 gene of ToLCNDV conferred 
resistance on tomato plants against ToLCNDV [117]. Simi-
larly, tobacco transgenic plants that were developed through 
atasiRNA targeting AC2 and AC4 genes of ToLCNDV and 
tomato leaf curl Gujarat virus (TLCGV) showed resistance 
against the two viruses; the target genes are known to be 
RNAi suppressors [118]. The resistance level of the trans-
genic plants to the viruses was further demonstrated to be 
dependent on the quantity of siRNAs that were produced 
against AC2 and AC4 genes [118]. Therefore, plant viral 
resistance engendered through artificial phasiRNAs is a 
promising antiviral strategy against emerging viruses.

High-throughput sequencing

High-throughput sequencing (HTS) is a very effective tech-
nology that helps in the identification of new pathogens, 
tracking disease outbreaks and management of pathogens. 
In addition, this technology has contributed to the improve-
ment in the understanding of the virus biology and ecology. 
The technique is rapid, and precise and can be employed in 
genetic engineering and modern plant breeding [119–121]. 

an artificial miRNA (miR319a) was developed based on the 
sequence of miR319a from Arabidopsis and it was engi-
neered to be expressed against the AC1 gene of ToLCNDV 
which conferred viral resistance on the commercial tomato 
cultivar. The ToLCNDV AC1 gene targeted by the designed 
amiRNA is important for its replication and virulence [89]. 
Moreover, the amiRNA technique has been employed to 
confer resistance on the tomato plant against other viruses 
including TSWV through RNA silencing. The amiRNA-
mediated technique has an advantage over the CRISPR/
Cas tool because it reduces the probability of recombination 
within the viral genome as well as mutant escape formation 
associated with CRISPR/Cas by synthesizing a short single 
nucleotide sequence that is complementary to the targeted 
viral sequence and it has become favourite in the induction 
of host resistance against viral attack in plants [89, 108].

However, the amiRNA-mediated approach was said to 
have a limitation when applied exogenously, due to the fact 
that the pri-miRNAs are more prone to enzymatic degrada-
tion because of their single-stranded structure (Fig. 3), when 
compared with double-stranded RNAs (dsRNAs) [115]. 
Therefore, the adoption of artificial trans-acting small inter-
fering RNAs (atasiRNAs) will solve this problem. This is 
also an RNAi-mediated gene regulatory pathway. The pre-
cursors of natural tasiRNAs give perfectly paired dsRNA 
precursors that might be more suitable for exogenous appli-
cation (SIGS application) because of their better stability as 
opposed to single stranded RNAs (ssRNAs) [115]. TasiR-
NAs are plant sequence-specific siRNAs being transcribed 
from TAS genes at specific loci. The tasiRNA precursor 
transcripts are targeted by a miRNA and thereafter, they 

Fig. 4  The antiviral atasiRNA pathway (adapted from Taliansky et al. 2021)

 

Fig. 3  The antiviral amiRNA pathway (adapted from Taliansky et al. 2021)
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tomato plants were reported to have superior/beneficial 
characteristics as opposed to uninfected plants and they can 
be selected artificially [127]. These double-stranded RNA 
viruses are derived from the virus genomes, distributed at 
low, stable concentrations throughout the host plant tissues, 
and they do not have any significant adverse effects on the 
host plants. Additionally, they are passed to the next gen-
eration through the seeds and this type of virus is known 
as persistent virus [104]. Also, mutualism was documented 
between beet crystic virus (BCV) and Beta vulgaris L. (beet 
plant) in which yield loss was prevented in infected beet 
plants under drought conditions [127].

Conclusion

Undoubtedly, the importance of the tomato plant, its genetic 
diversity and an array of viral diseases have emphasized its 
position in studying plant-pathogen interactions. The conse-
quence of an arms race between the host plant and pathogens, 
determines the susceptibility of the host plants to pathogen 
attacks. The challenges associated with the development 
of new virus strains, their fast spreading and the unavail-
ability of antiviral products have opened up new cutting-
edge technologies. Due to the public concerns with respect 
to safety issues associated with the transgenic approaches, 
RNAi-mediated and CRISPR/Cap approaches have gained 
popularity because they can be employed to develop trans-
genic-free crops. In addition, they are effective, and precise 
and can be achieved within a short period compared with 
the conventional breeding technique. Therefore, these tech-
niques can be explored to develop tomato-resistant lines 
against viral diseases and to achieve this, there is a need for 
capacity building and foreign collaborations to effectively 
address food insecurity globally.

Author contributions  Both authors contributed equally to the work.

Funding  No funding was received to assist with the preparation of 
this manuscript.

Declarations

Competing Interests  The authors have no competing interests to de-
clare that are relevant to the content of this article.

References

1.	 Campos MD, Félix MR, Patanita M, Materatski P, Albuquer-
que A, Ribeiro JA, Varanda C. Defense strategies: the role of 
transcription factors in tomato–Pathogen interaction. Biology. 
2022;11:235. https://doi.org/10.3390/biology11020235.

2.	 Moriones E, Verdin E. Virus diseases. In: Integrated pest and 
disease management in greenhouse crops. Plant pathology in the 

Moreover, resistance genes against viruses can be identi-
fied through HTS. The HTS is a next-generation sequenc-
ing innovative technique involving gene sequencing/ RNA 
or DNA sequencing on a large scale. The sequence of the 
whole viral genome from an infected plant is made possible 
through next-generation sequencing of total nucleic acids as 
well as small RNAs [122–124]. The differentially expressed 
genes (DEGs) in resistance and susceptible tomato lines can 
be characterized to elucidate their functions in pathogen 
defence mechanisms which will positively contribute to the 
emergence of pathogen resistance in tomato varieties [38]. 
The induction of DEGs in the resistant tomato line showed 
that the tomato defence response to TYLCV attack was 
characterized by the stimulation and regulation of a series 
of genes in a previous study. These genes have connections 
with cell wall reorganization, defence response, metabo-
lite synthesis, transcriptional regulation and ubiquitination. 
Moreover, TYLCV infection could stimulate the expression 
of genes associated with SA biosynthesis and signalling 
transduction of phytohormones suggesting the importance 
of phytohormones in the tomato plant’s defence mechanism 
against viruses [43, 125]. Likewise, upon the infection of 
tomato plants with two contrasting genotypes, R-line and 
S-line without known Ty resistance by ToLCBaV, many 
DEGs were recorded and some of them play vital roles in 
photosynthesis, defence response, wound response, glu-
tathione metabolic process, toxic catabolic process, etc. 
[91]. Among these DEGs, there was a significant induction 
of MIK2-like transcripts in the R-line. The MIK2 which 
is situated on the plasma membrane, stimulates the basal 
immune response, PTI against pathogen attacks. Whereas 
in the S-line, Receptor-Like protein 33 was induced and it 
was hypothesized to serve as a negative defence response 
regulator [91]. Other genes that were significantly induced 
in the R-line include Nudix hydrolase (NUDX8), SAG 21 
wound-induced basic protein and GRXC6 while EDRS was 
upregulated in the S-line. All these genes directly or indi-
rectly have roles to play in defence response pathways and 
they should be explored in the development of broad-spec-
trum resistance against viral pathogen attack [91]. The chal-
lenges encountered in the deployment of HTS in modern 
plant breeding are primarily technical know-how and lim-
ited resources. Therefore, global collaboration and capacity 
building will go a long way to address these issues [125].

Mutualism

Some plant-pathogen interactions are mutualistic as revealed 
in the interaction between the STV and the tomato plants 
[92, 126]. The STV infection influences the gene expres-
sion in tomato plants, leading to the repression of ethylene-
biosynthesis and signalling-related genes. The STV-infected 

1 3

https://doi.org/10.3390/biology11020235


S. O. Azeez, S. E. Adeboye

horticulture. Biology. 2023;12(10):1298. https://doi.org/10.3390/
biology12101298.

22.	 Priya P, Aneesh B, Harikrishnan K. Genomics as a potential 
tool to unravel the rhizosphere microbiome interactions on plant 
health. J Microbiol Methods. 2021;185:106215. https://doi.
org/10.1016/j.mimet.2021.106215.

23.	 Kumar R, Bohra A, Pandey AK, Pandey MK, Kumar A. Metabolo-
mics for plant improvement: status and prospects. Front Plant Sci. 
2017;8:1302. https://doi.org/10.1007/978-981-99-5034-8_20.

24.	 Zenda T, Liu S, Dong A, Li J, Wang Y, Liu X, et al. Omics-
facilitated crop improvement for climate resilience and superior 
nutritive value. Front Plant Sci. 2021;12:774994. https://doi.
org/10.3389/fpls.2021.774994.

25.	 Chauhan C, Thakur A, Sharma V, Yadav RR, Sivakumar 
KB, Kumar R, et al. Proteomics as a tool for analyzing plant 
responses to abiotic and biotic stresses: Genomics, transcrip-
tomics, proteomics and metabolomics of crop plants. In: Husen 
A, Ahmad A, editors. Plant Biology, sustainability and climate 
change. Elsevier; 2023. pp. 35–68. https://doi.org/10.1016/
B978-0-323-95989-6.00012-7.

26.	 Manghwar H, Lindsey K, Zhang X, Jin S. CRISPR/Cas system: 
recent advances and future prospects for genome editing. Trends 
Plant Sci. 2019;24:1102–25.

27.	 Kumari C, Shaunak I, Sharma P, Sharma R. Genetic improve-
ment of tomato against Fusarium wilt disease using bio-
technological interventions. Genetic engineering of crop 
plants for food and health security. Volume 1. Singapore: 
Springer Nature Singapore; 2024. pp. 407–20. https://doi.
org/10.1007/978-981-99-5034-8_20.

28.	 Gascuel Q, Diretto G, Monforte AJ, Fortes AM, Granell A. Use 
of natural diversity and biotechnology to increase the quality 
and nutritional content of tomato and grape. Front Plant Sci. 
2017;8:652. https://doi.org/10.3389/fpls.2017.00652.

29.	 Van Esse HP, Reuber TL, et al. Genetic modification to improve 
disease resistance in crops. New Phytol. 2020;225(1):70–86. 
https://doi.org/10.1111/nph.15967.

30.	 Thompson PB, Kassem M, Werner WG. Ethical perspectives on 
agri-food biotechnology. Food Biotechnology in ethical perspec-
tive. The International Library of Environmental, Agricultural 
and Food Ethics. Volume 10. Springer, Dordrecht;; 2007. https://
doi.org/10.1007/1-4020-5791-1_1.

31.	 Lehman H, Bailey B, Lappé M. editors. 2003 Engineering the 
farm: ethical and social aspects of agricultural biotechnol-
ogy. J Agric Environ Ethics 16 513–6 https://doi.org/10.102
3/A:1026302804166.

32.	 Idris SH, Mat Jalaluddin NS, Chang LW. Ethical and legal impli-
cations of gene editing in plant breeding: a systematic literature 
review. J Zhejiang University-SCIENCE B. 2023;24(12):1093–
105. https://doi.org/10.1631/jzus.B2200601.

33.	 Caplan AL, Parent B, Shen M, Plunkett C. No time to waste—
the ethical challenges created by CRISPR: CRISPR/Cas, being 
an efficient, simple, and cheap technology to edit the genome of 
any organism, raises many ethical and regulatory issues beyond 
the use to manipulate human germ line cells. EMBO Rep. 
2015;16(11):1421–6. https://doi.org/10.15252/embr.201541337.

34.	 Singh BK, Delgado-Baquerizo M, Egidi E, Guirado E, Leach JE, 
Liu H, Trivedi P. Climate change impacts on plant pathogens, food 
security and paths forward. Nat Rev Microbiol. 2023;21(10):640–
56. https://doi.org/10.1038/s41579-023-00900-7.

35.	 McDonald BA, Stukenbrock EH. Rapid emergence of pathogens 
in agro-ecosystems: global threats to agricultural sustainability 
and food security. Philosophical Trans Royal Soc B: Biol Sci. 
2016;5(1709):371. https://doi.org/10.1098/rstb.2016.0026.

36.	 Burdon JJ, Zhan J. Climate change and disease in plant communi-
ties. PLoS Biol. 2020;18(11):e3000949. https://doi.org/10.1371/
journal.pbio.3000949.

21st Century, Volume 9, 2nd Edition. Gullino, M. L., Albajes, R. 
and Nicot, P. C. Springer Nature, Switzerland AG. 2020. pp 3–31; 
https://doi.org/10.1007/978-3-030-22304-5_1

3.	 Arie T, Takahashi H, Kodama M, Teraoka T. Tomato as a 
model plant for plant-pathogen interactions. Plant Biotechnol. 
2007;24:135–47.

4.	 Burton-Freeman B, Reimers K. Tomato consumption and 
health: emerging benefits. Am J Lifestyle Med. 2010. https://doi.
org/10.1177/1559827610387488.

5.	 Hanssen IM, Lapidot M, Thomma BPHJ. Emerging viral dis-
eases of tomato crops. MPMI. 2010;23(5):539–48. https://doi.
org/10.1094/MPMI-23-5-0539.

6.	 Gerszberg A, Hnatuszko-Konka K, Kowalczyk T, Kononowicz 
AK. Tomato (Solanum lycopersicum L.) in the service of biotech-
nology. Plant Cell Tiss Organ Cult. 2015;120:881–902. https://
doi.org/10.1007/s11240-014-0664-4.

7.	 Panno S, Davino S, Caruso AG, Bertacca S, Crnogorac A, Mandić 
A, et al. A review of the most common and economically impor-
tant diseases that undermine the cultivation of tomato crop in the 
Mediterranean basin. Agronomy. 2021;11(11):2188. https://doi.
org/10.3390/agronomy11112188.

8.	 Adhikari P, Oh Y, Panthee DR. Current status of early blight resis-
tance in tomato: an update. Int J Mol Sci. 2017;18(10). https://doi.
org/10.3390/ijms18102019.

9.	 Zhang S, Li X, Sun Z, Shao S, Hu L, Ye M, Zhou Y, Xia X, Yu J, 
Shi K. Antagonism between phytohormone signalling underlies 
the variation in disease susceptibility of tomato plants under ele-
vated CO2. J Exp Bot. 2015;66:1951–63. https://doi.org/10.1093/
jxb/eru538.

10.	 Kumar S, Sugha SK. Role of cultural practices in the management 
of Septoria leaf spot of tomato. Indian Phytopathol. 2000;53:105–
6. https://epubs.icar.org.in/index.php/IPPJ/article/view/19208.

11.	 Bogdanove AJ, Schornack S, Lahaye T. TAL effectors: find-
ing plant genes for disease and defense. Curr Opin Plant Biol. 
2010;13:394–401. https://doi.org/10.1016/j.pbi.2010.04.010.

12.	 Giron D, Dubreuil G, Bennett A, Dedeine F, Dicke M, Dyer 
LA, et al. Promises and challenges in insect–plant interactions. 
Entomol Exp Appl. 2018;166(5):319–43. https://doi.org/10.1111/
eea.12679.

13.	 Jansson JK, McClure R, Egbert RG. Soil microbiome engi-
neering for sustainability in a changing environment. Nat 
Biotechnol. 2023;41(12):1716–28. https://doi.org/10.1038/
s41587-023-01932-3.

14.	 Baulcombe DC, An RNA, World. Ann Rev Plant Biol. 2023;74:1–
20. https://doi.org/10.1146/annurev-arplant-070622-021021.

15.	 Wang W, Luan Y. The advance of tomato disease-related 
microRNAs. Plant Cell Reprod. 2015;34:1089–97. https://doi.
org/10.1007/s00299-015-1782-0.

16.	 Garcia-Ruiz H. Susceptibility genes to plant viruses. Viruses. 
2018;10:484. https://doi.org/10.3390/v10090484.

17.	 Jones JDG, Dangl JL. The plant immune system. Nature. 
2006;444(7117):323–9.

18.	 Zhang S, Li C, Si J, Han Z, Chen D. Action mechanisms of effectors 
in plant-pathogen interaction. Int J Mol Sci. 2022;23(12):6758. 
https://doi.org/10.3390/ijms23126758.

19.	 Slavica M, Pegoraro, Mattia, Noris E. The C2 protein of tomato 
yellow leaf curl Sardinia virus acts as a pathogenicity determi-
nant and a 16-amino acid domain is responsible for inducing a 
hypersensitive response in plants. Virus Res. 2016. https://doi.
org/10.1016/j.virusres.2016.01.01.

20.	 Marwal A, Gaur RK. Host plant strategies to combat against 
viruses Effector proteins. Curr Genomics. 2020;21(6):401–10. 
https://doi.org/10.2174/1389202921999200712135131.

21.	 Cembrowska-Lech D, Krzemińska A, Miller T, Nowakowska A, 
Adamski C, Radaczyńska M, et al. An integrated multi-omics and 
artificial intelligence framework for advance plant phenotyping in 

1 3

https://doi.org/10.3390/biology12101298
https://doi.org/10.3390/biology12101298
https://doi.org/10.1016/j.mimet.2021.106215
https://doi.org/10.1016/j.mimet.2021.106215
https://doi.org/10.1007/978-981-99-5034-8_20
https://doi.org/10.3389/fpls.2021.774994
https://doi.org/10.3389/fpls.2021.774994
https://doi.org/10.1016/B978-0-323-95989-6.00012-7
https://doi.org/10.1016/B978-0-323-95989-6.00012-7
https://doi.org/10.1007/978-981-99-5034-8_20
https://doi.org/10.1007/978-981-99-5034-8_20
https://doi.org/10.3389/fpls.2017.00652
https://doi.org/10.1111/nph.15967
https://doi.org/10.1007/1-4020-5791-1_1
https://doi.org/10.1007/1-4020-5791-1_1
https://doi.org/10.1023/A:1026302804166
https://doi.org/10.1023/A:1026302804166
https://doi.org/10.1631/jzus.B2200601
https://doi.org/10.15252/embr.201541337
https://doi.org/10.1038/s41579-023-00900-7
https://doi.org/10.1098/rstb.2016.0026
https://doi.org/10.1371/journal.pbio.3000949
https://doi.org/10.1371/journal.pbio.3000949
https://doi.org/10.1007/978-3-030-22304-5_1
https://doi.org/10.1177/1559827610387488
https://doi.org/10.1177/1559827610387488
https://doi.org/10.1094/MPMI-23-5-0539
https://doi.org/10.1094/MPMI-23-5-0539
https://doi.org/10.1007/s11240-014-0664-4
https://doi.org/10.1007/s11240-014-0664-4
https://doi.org/10.3390/agronomy11112188
https://doi.org/10.3390/agronomy11112188
https://doi.org/10.3390/ijms18102019
https://doi.org/10.3390/ijms18102019
https://doi.org/10.1093/jxb/eru538
https://doi.org/10.1093/jxb/eru538
https://epubs.icar.org.in/index.php/IPPJ/article/view/19208
https://doi.org/10.1016/j.pbi.2010.04.010
https://doi.org/10.1111/eea.12679
https://doi.org/10.1111/eea.12679
https://doi.org/10.1038/s41587-023-01932-3
https://doi.org/10.1038/s41587-023-01932-3
https://doi.org/10.1146/annurev-arplant-070622-021021
https://doi.org/10.1007/s00299-015-1782-0
https://doi.org/10.1007/s00299-015-1782-0
https://doi.org/10.3390/v10090484
https://doi.org/10.3390/ijms23126758
https://doi.org/10.1016/j.virusres.2016.01.01
https://doi.org/10.1016/j.virusres.2016.01.01
https://doi.org/10.2174/1389202921999200712135131


Advances in understanding plant-pathogen interactions: insights from tomato as a model system

basis of transcriptome and metabolome variation underlying 
fruit traits and pathogen response. Nat Genet. 2020;52:1111–21. 
https://doi.org/10.1038/s41588-020-0690-6.

52.	 Alfaro-Fernández A, Castillo P, Sanahuja E, Rodríguez-Salido 
MC, Font MI. First report of tomato brown rugose fruits virus 
in tomato in Spain. Plant dis. 2021;515. https://doi.org/10.1094/
PDIS-06-20-1251-PDN.

53.	 Passam HC, Karapanos IC, Bebeli PJ, Savvas D. A review of 
recent research on tomato nutrition, breeding and post-harvest 
technology with reference to fruit quality. Eur j Plant sci Biotech-
nol. 2007;1(1):1–21.

54.	 Patil BL, Chakraborty S, Czosnek H et al. Plant resistance 
to Geminiviruses: In Encyclopedia of Virology, 4th edi-
tion. Elsevier. 2020, pp 554–566; https://doi.org/10.1016/
B978-0-12-809633-8.21565-3

55.	 Ong SN, Taheri S, Othman RY, Teo CH. Viral disease of tomato 
crops (Solanum Lycopesicum L.): an overview. J Plant Dis Prot. 
2020;127:725–39. https://doi.org/10.1007/s41348-020-00330-0.

56.	 Rivarez MPS, Pecman A, Bačnik K, Maksimović O, Vučurović 
A, Seljak G, Mehle N, GutiérrezAguirre I, Maja, Kutnjak D. 
In-depth study of tomato and weed viromes reveals undiscov-
ered plant virus diversity in an agroecosystem. Microbiome. 
2023;11:60. https://doi.org/10.1186/s40168-023-01500-6.

57.	 De Oliveira TR, Serafim AD, Breland B, Miller A, Beneton K, 
Singh V, Segbefia W, Argenta JC, Broderick SR, Tseng TM. 
An integrated weed management approach in tomato using 
soil steaming, mulching, and winter cover crops. Front Agron., 
Hanˇcinský R, Mihálik D, Mrkvová M, Candresse T, Glasa M. 
Plant Viruses Infecting Solanaceae Family Members in the Cul-
tivated and Wild Environments: A Review. Plants 2020; 9:667; 
doi:10.3390/plants9050667.

58.	 Hančinský R, Mihálik D, Mrkvová M, Candresse T, Glasa M. 
Plant Viruses Infecting Solanaceae Family Members in the Cul-
tivated and Wild Environments: A Review. Plants 2020; 9:667. 
https://doi.org/10.3390/plants9050667.

59.	 Macharia I, Backhouse D, Wu SB, Ateka EM. Weed species in 
tomato production and their role as alternate hosts of Tomato spot-
ted wilt virus and its vector Frankliniella occidentalis. Ann Appl 
Biol. 2016;169(2):224–35. https://doi.org/10.1111/aab.12297.

60.	 Barreto SS, Hallwass M, Aquino OM, Inoue-Nagata AK. A study 
of weeds as potential inoculum sources for a tomato-infecting 
begomovirus in central Brazil. Phytopathology. 2013;103(5):436–
44. https://doi.org/10.1094/PHYTO-07-12-0174-R.

61.	 Zhang Y, Lubberstedt T, Xu M. The genetic and molecular basis of 
plant resistance to pathogens. J Genet Genomics. 2013;40:23e35. 
https://doi.org/10.1016/j.jgg.2012.11.003.

62.	 Kaushal A, Sadashiva AT, Ravishankar KV, Singh TH, Prasanna 
HC, Rai AK, Jatav VK. A rapid disease resistance breeding in 
tomato (Solanum lycopersicum L). Accelerated plant breed-
ing, volume 2 vegetable crops.: Gosal SS, Shabir Hussain 
Wani Editors. Springer Nature; 2020. pp. 17–55. https://doi.
org/10.1007/978-3-030-47298-6_2. Switzerland AG.

63.	 Chen Q, Xu X, Jiang J, Li J. Transcriptome resequencing anal-
ysis of the responses of Ty-5-Mediated resistance to TYLCV 
via in resistant vs. susceptible tomato cultivars (no. e26578v1). 
PeerJ Preprints. 2018;6:e26578v1. https://doi.org/10.7287/peerj.
preprints.26578v1.

64.	 Sade D, Shriki O, Cuadros-Inostroza A, et al. Comparative 
metabolomics and transcriptomics of plant response to Tomato 
yellow leaf curl virus infection in resistant and susceptible tomato 
cultivars. Metabolomics. 2015;11:81–97. https://doi.org/10.1007/
s11306-014-0670-x.

65.	 Prasad A, Sharma N, Hari-Gowthem G, Muthamilarasan M, 
Prasad M. Tomato yellow leaf curl Virus: impact, challenges, and 
management. Trends Plant Sci. 2020;25(9):897–911. https://doi.
org/10.1016/j.tplants.2020.03.015.

37.	 Jeger M, Beresford R, Bock C, Brown N, Fox A, Newton A, et 
al. Global challenges facing plant pathology: multidisciplinary 
approaches to meet the food security and environmental chal-
lenges in the mid-twenty-first century. CABI A&B. 2021;2(1):1–
18. https://doi.org/10.1186/s43170-021-00042-x.

38.	 Campos MD, Félix MDR, Patanita M, Materatski P, Varanda C. 
High throughput sequencing unravels tomato-pathogen interac-
tions towards a sustainable plant breeding. Hort Res. 2021;8:171. 
https://doi.org/10.1038/s41438-021-00607-x.

39.	 Qi S, Zhang S, Islam MM, El-Sappah AH, Zhang F, Liang Y. 
Natural resources resistance to tomato spotted wilt virus (TSWV) 
in tomato (Solanum lycopersicum). Int J Mol Sci. 2021;22:10978. 
https://doi.org/10.3390/ijms222010978.

40.	 Bishnoi R, Kaur S, Sandhu JS, Singla D. Genome engineering 
of disease susceptibility genes for enhancing resistance in plants. 
Funct Integr Genomics. 2023;23:207. https://doi.org/10.1007/
s10142-023-01133-w.

41.	 Lefebvre V, Boissot N, Gallois J-L. Host Plant resistance to pests 
and pathogens, the genetic leverage in integrated pest and disease 
management: Integrated pest and disease management in green-
house crops. Plant pathology in the 21st Century, 2nd Edition. In: 
Gullino ML, Albajes R, Nicot PC, editors. Springer Nature, Swit-
zerland AG; 2020; https://doi.org/10.1007/978-3-030-22304-5_9

42.	 Poonam AS, Kumar N, Chakraborty P, Kothari R. Plant growth 
under stress conditions: Boon or Bane. In: Shukla V, Kumar 
S, Kumar N, editors. Plant adaptation strategies in chang-
ing Environment. Singapore: Springer; 2017. https://doi.
org/10.1007/978-981-10-6744-0_12.

43.	 Chen T, Lv Y, Zhao T, Li N, Yang Y, Wengui Yu X, He T, Liu, 
Zhang B. Comparative transcriptome profiling of a resistant 
vs. susceptible tomato (Solanum lycopersicum) cultivar in 
response to infection by Tomato Yellow Leaf Curl Virus. PLoS 
ONE. 2013;8(11):e80816. https://doi.org/10.1371/journal.
pone.0080816.

44.	 Gururania MA, Venkatesha J, Upadhyaya CP, Nookarajuc A, Pan-
dey SK, Park SW. Plant disease resistance genes: current status 
and future directions. Physiol Mol Plant Pathol. 2012;78:51–65. 
https://doi.org/10.1016/j.pmpp.2012.01.002.

45.	 Chen J, Zhao Y, Luo X, Hong H, Yang T, Huang S, Wang C, Chen 
H, Qian X, Feng M, Chen Z, Dong Y, Ma Z, Li J, Zhu M, He SY, 
Dinesh-Kumar SP, Tao X. NLR surveillance of pathogen inter-
ference with hormone receptors induces immunity. Nature. 2022. 
https://doi.org/10.1038/s41586-022-05529-9.

46.	 Devendran R, Kumar M, Ghosh D, Yogindran S, Karim MJ, 
Chakraborty S. Capsicum-infecting begomoviruses as global 
pathogens: host–virus interplay, pathogenesis, and management. 
Trends Microbiol. 2022;30(2):170–84. https://doi.org/10.1016/j.
tim.2021.05.00.

47.	 Langin G, Gouguet P, Üstün S. Microbial effector proteins – A 
journey through the proteolytic landscape. Trends Microbiol. 
2020;28(7):523–35. https://doi.org/10.1016/j.tim.2020.02.010.

48.	 Huang C. From player to pawn: viral avirulence factors involved 
in plant immunity. Viruses. 2021;13:688. https://doi.org/10.3390/
v13040688.

49.	 de Ronde D, Butterbach P, Lohuis D, Hedil M, van Lent JWM, 
Kormelink R. TSw gene-based resistance is triggered by a 
functional RNA silencing suppressor protein of tomato spotted 
wilt virus. Mol Plant Pathol. 2013;14(4):405–15. https://doi.
org./10.111/mpp.12016.

50.	 Ray S, Casteel CL. Effector-mediated plant–virus–vector inter-
actions. Plant Cell. 2022;34:1514–31. https://doi.org/10.1093/
plcell/koac058.

51.	 Szymański J, Bocobza S, Panda S, Sonawane P, Cárdenas PD, 
Lashbrooke J, Kamble A, Shahaf N, Meir S, Bovy A, Beekwilder 
J, Tikunov Y, de la Fuente IR, Zamir D, Rogachev I, Aharoni A. 
Analysis of wild tomato introgression lines elucidates the genetic 

1 3

https://doi.org/10.1038/s41588-020-0690-6
https://doi.org/10.1094/PDIS-06-20-1251-PDN
https://doi.org/10.1094/PDIS-06-20-1251-PDN
https://doi.org/10.1016/B978-0-12-809633-8.21565-3
https://doi.org/10.1016/B978-0-12-809633-8.21565-3
https://doi.org/10.1007/s41348-020-00330-0
https://doi.org/10.1186/s40168-023-01500-6
https://doi.org/10.3390/plants9050667
https://doi.org/10.1111/aab.12297
https://doi.org/10.1094/PHYTO-07-12-0174-R
https://doi.org/10.1016/j.jgg.2012.11.003
https://doi.org/10.1007/978-3-030-47298-6_2
https://doi.org/10.1007/978-3-030-47298-6_2
https://doi.org/10.7287/peerj.preprints.26578v1
https://doi.org/10.7287/peerj.preprints.26578v1
https://doi.org/10.1007/s11306-014-0670-x
https://doi.org/10.1007/s11306-014-0670-x
https://doi.org/10.1016/j.tplants.2020.03.015
https://doi.org/10.1016/j.tplants.2020.03.015
https://doi.org/10.1186/s43170-021-00042-x
https://doi.org/10.1038/s41438-021-00607-x
https://doi.org/10.3390/ijms222010978
https://doi.org/10.1007/s10142-023-01133-w
https://doi.org/10.1007/s10142-023-01133-w
https://doi.org/10.1007/978-3-030-22304-5_9
https://doi.org/10.1007/978-981-10-6744-0_12
https://doi.org/10.1007/978-981-10-6744-0_12
https://doi.org/10.1371/journal.pone.0080816
https://doi.org/10.1371/journal.pone.0080816
https://doi.org/10.1016/j.pmpp.2012.01.002
https://doi.org/10.1038/s41586-022-05529-9
https://doi.org/10.1016/j.tim.2021.05.00
https://doi.org/10.1016/j.tim.2021.05.00
https://doi.org/10.1016/j.tim.2020.02.010
https://doi.org/10.3390/v13040688
https://doi.org/10.3390/v13040688
https://doi.org/10.1093/plcell/koac058
https://doi.org/10.1093/plcell/koac058


S. O. Azeez, S. E. Adeboye

a review. Sci Hortic. 2021;288:110363. https://doi.org/10.1016/j.
scienta.2021.110363.

82.	 Ishibashi K, Kubota K, Kano A, Ishikawa M, Tobamoviruses. 
Old and new threats to tomato cultivation. J Gen Plant Pathol. 
2023;89:305–32. https://doi.org/10.1007/s10327-023-01141-5.

83.	 Luria N, Smith E, Reingold V, Bekelman I, Lapidot M, Levin I, 
Elad N, Tam Y, Sela N, Abu-Ras A, Ezra N, Haberman A, Yitzhak 
L, Lachman O, Dombrovsky A. A new Israeli tobamovirus isolate 
infects tomato plants harboring Tm-22 resistance genes. PLoS 
ONE. 2017;12:e017042.

84.	 Salem N, Mansour A, Ciuffo M, Falk BW, Turina M. 2016. A new 
tobamovirus infecting tomato crops in Jordan. Archi Virol. 2016; 
161:503–506.

85.	 Rivarez MPS, Vucurovi ˇ c A, ´, Mehle N, Ravnikar M, Kutnjak 
D. Global advances in tomato virome research: Current status 
and the impact of high-throughput sequencing. Front Microbiol. 
2021; 12:671925; https://doi.org/10.3389/fmicb.2021.671925

86.	 Zhang S, Griffiths JS, Marchand G, Bernards MA, Wang A. 
Tomato brown rugose fruit virus: an emerging and rapidly spread-
ing plant RNA virus that threatens tomato production worldwide. 
Mol Plant Pathol. 2022;23:1262–77. https://doi.org/10.1111/
mpp.13229.

87.	 Tettey CK, Mu X-Q, Ma H-Y, Chen X-Y, Geng C, Tian Y-P, 
Yan Z-Y, Li X-D. The role of different innate and environ-
mental factors in Tm-22-mediated resistance to tomato mottle 
mosaic virus. Phytopathol Res. 2023;5:8. https://doi.org/10.1186/
s42483-023-00162-4.

88.	 Hu Q, Zhang H, Zhang L, Liu Y, Huang C, Yuan C, Chen Z, Li K, 
Larkin RM, Chen J, Kuang H. Two receptor homologs in tobacco 
control asymptomatic response to tobacco mosaic virus. Plant 
Physiol. 2021;187:2674–90. https://doi.org/10.1093/plphys/
kiab448.

89.	 Sharma N, Prasad M. Silencing AC1 of Tomato leaf curl virus 
using artificial microRNA confers resistance to leaf curl dis-
ease in transgenic tomato. Plant Cell Reprod. 2020;39:1565–79. 
https://doi.org/10.1007/s00299-020-02584-2.

90.	 Selth LA, Dogra SC, Rasheed MS, Healy H, Randles JW, 
Rezaiana MA. A NAC Domain protein interacts with tomato 
leaf curl virus replication accessory protein and enhances viral 
replication. Plant Cell. 2004;17:311–25. https://doi.org/10.1105/
tpc.104.027235.

91.	 Chidambara B, Muthaiah G, Sadashiva AT, Reddy MK, Ravishan-
kar KV. Transcriptome analysis during ToLCBAV disease devel-
opment in contrasting tomato genotypes. 3 Biotech. 2023;13:226. 
https://doi.org/10.1007/s13205-023-03629-5.

92.	 Elvira González L, Peiró R, Rubio L, Galipienso L. Persistent 
southern tomato virus (STV) interacts with cucumber mosaic and/
or pepino mosaic virus in mixed-infections modifying plant symp-
toms, viral titer and small RNA accumulation. Microorganisms. 
2021;9(4):689. https://doi.org/10.3390/microorganisms9040689.

93.	 Román B, Gómez P, Picó B, López C, Janssen D. Candidate gene 
analysis of tomato leaf curl New Delhi virus resistance in Cucu-
mis Melo. Sci Hortic. 2019;243:12–20. https://doi.org/10.1016/j.
scienta.2018.07.005.

94.	 Kaur S, Samota MK, Choudhary M, Choudhary M, Pandey AK, 
Sharma A, Thakur J. How do plants defend themselves against 
pathogens-biochemical mechanisms and genetic interven-
tions. Physiol Mol Biol Plants. 2022;28(2):485–504. https://doi.
org/10.1007/s12298-022-01146-y.

95.	 Farahbakhsh F, Hamzehzarghani H, Massah A, Tortosa M, Yas-
ayee M, Rodriguez VM. Comparative metabolomics of tempera-
ture sensitive resistance to wheat streak mosaic virus (WSMV) 
in resistant and susceptible wheat cultivars. J Plant Physiol. 
2019;237:30–42.

96.	 Kumar S, Raja R, Raja SK, Agrawal L, Chauhan PS, Srivastava 
A. Study of biochemical and histopathological changes induced 

66.	 Wang Y, Jiang J, Zhao L, et al. Application of whole genome 
resequencing in mapping of a Tomato Yellow Leaf Curl Virus 
Resistance Gene. Sci Rep. 2018;8:9592. https://doi.org/10.1038/
s41598-018-27925-w.

67.	 Voorburg CM, Bai Y, Kormelink R, Small. RNA profiling of sus-
ceptible and resistant Ty-1 encoding tomato plants upon tomato 
yellow leaf curl virus infection. Front Plant Sci. 2021;12:757165. 
https://doi.org/10.3389/fpls.2021.757165.

68.	 Adel A, Al-Shihia HP, Al-Sadia AM, Al-Yahyaia RA, Briddonc 
RW, Deadmana M, Shahid MS. Evaluation of tomato inbred lines 
for resistance to the tomato yellow leaf curl disease complex 
in Oman. Crop Prot. 2018;110:91–8. https://doi.org/10.1016/j.
cropro.2018.04.001.

69.	 de Almeida GQ, de Oliveira Silva J, Copati MGF, de Oliveira 
Dias F, dos Santos MC. Tomato breeding for disease resistance. 
Multi-Science J. 2020;3(3):8–16. https://doi.org/10.33837/msj.
v3i3.1287.

70.	 Gupta R, Kwon S-Y, Kim ST. An insight into the tomato spot-
ted wilt virus (TSWV), Tomato and Thrips Interaction. Plant 
Biotechnol Rep. 2018;12:157–63. https://doi.org/10.1007/
s11816-018-0483-x.

71.	 Olaya C, Fletcher SJ, Zhai Y, Peters J, Margarita P, Winter S, Mit-
ter, Pappu HR. The tomato spotted wilt virus (TSWV) genome 
is differentially targeted in TSWV-infected tomato (Solanum 
lycopersicum) with or without Sw-5 gene. Viruses. 2020;12:363. 
https://doi.org/10.3390/v12040363.

72.	 Padmanabhan C, Ma Q, Shekasteband R, Stewart KS, Hutton SF, 
Scott JW, Fei Z, Ling K-S. Comprehensive transcriptome analy-
sis and functional characterization of PR-5 for its involvement 
in tomato Sw-7 resistance to tomato spotted wilt Tospovirus. Sci 
Rep. 2019;9:7673. https://doi.org/10.1038/s41598-019-44100-x.

73.	 Sharma N, Prasad M. An insight into plant–tomato leaf curl New 
Delhi virus interaction. Nucleus. 2017;60:335–48. https://doi.
org/10.1007/s13237-017-0224-5.

74.	 Nagendran K, Venkataravanappa V, Chauhan NS, Kodanda-
ram MH, Rai AB, Singh B, Vennila S. Viral diseases: a threat 
for tomato cultivation in Indo-Gangetic eastern plains of India. J 
Plant Pathol. 2018. https://doi.org/10.1007/s42161-018-0124-9.

75.	 Kumar M, Kavalappara SR, McAvoy T, Hutton S, Simmons AM, 
Bag S. Association of tomato chlorosis virus complicates the 
management of tomato yellow leaf curl virus in cultivated tomato 
(Solanum lycopersicum) in the southern United States. Horticul-
turae. 2023;9:948. https://doi.org/10.3390/horticulturae9080948.

76.	 Jammes M, Urbino C, Diouf MB, Peterschmitt M. Refining the 
emergence scenario of the invasive recombinant tomato yel-
low leaf curl virus -IS76. Virology. 2023;578:71–80. https://doi.
org/10.1016/j.virol.2022.11.006.

77.	 Ontiveros I, Lopez-Moya J, Diaz-Pendon JA. Coinfection of 
tomato plants with tomato yellow leaf curl virus and tomato 
chlorosis virus affects interaction with host and whiteflies. 
Phytopathology. 2022;112:944–52. https://doi.org/10.10941/
PHYTO-08-21-034-R.

78.	 Urbino C, Regraguia ZF, Graniera M, Peterschmitt M. Fit-
ness advantage of inter-species TYLCV recombinants induced 
by beneficial intra-genomic interactions rather than by specific 
mutations. Virology. 2020;542:20–7. https://doi.org/10.1016/j.
virol.2020.01.002.

79.	 Islam MM, Qi S, Zhang S, Amin B, Yadav V, El-Sappah AH, 
Zhang F, Liang Y. Genome-wide identification and functions 
against tomato spotted wilt Tospovirus of PR-10 in Solanum lyco-
persicum. Int J Mol Sci. 2022;231502. https://doi.org/10.3390/
ijms23031502.

80.	 Shore P, Sharrocks AD. The MADS-box family of transcription 
factors. Eur J Biochem. 1995;229:1–13.

81.	 Li C, Hou X, Qi N, Liu H, Li Y, Huang D, Wang C, Liao W. 
Insight into ripening-associated transcription factors in tomato: 

1 3

https://doi.org/10.1016/j.scienta.2021.110363
https://doi.org/10.1016/j.scienta.2021.110363
https://doi.org/10.1007/s10327-023-01141-5
https://doi.org/10.3389/fmicb.2021.671925
https://doi.org/10.1111/mpp.13229
https://doi.org/10.1111/mpp.13229
https://doi.org/10.1186/s42483-023-00162-4
https://doi.org/10.1186/s42483-023-00162-4
https://doi.org/10.1093/plphys/kiab448
https://doi.org/10.1093/plphys/kiab448
https://doi.org/10.1007/s00299-020-02584-2
https://doi.org/10.1105/tpc.104.027235
https://doi.org/10.1105/tpc.104.027235
https://doi.org/10.1007/s13205-023-03629-5
https://doi.org/10.3390/microorganisms9040689
https://doi.org/10.1016/j.scienta.2018.07.005
https://doi.org/10.1016/j.scienta.2018.07.005
https://doi.org/10.1007/s12298-022-01146-y
https://doi.org/10.1007/s12298-022-01146-y
https://doi.org/10.1038/s41598-018-27925-w
https://doi.org/10.1038/s41598-018-27925-w
https://doi.org/10.3389/fpls.2021.757165
https://doi.org/10.1016/j.cropro.2018.04.001
https://doi.org/10.1016/j.cropro.2018.04.001
https://doi.org/10.33837/msj.v3i3.1287
https://doi.org/10.33837/msj.v3i3.1287
https://doi.org/10.1007/s11816-018-0483-x
https://doi.org/10.1007/s11816-018-0483-x
https://doi.org/10.3390/v12040363
https://doi.org/10.1038/s41598-019-44100-x
https://doi.org/10.1007/s13237-017-0224-5
https://doi.org/10.1007/s13237-017-0224-5
https://doi.org/10.1007/s42161-018-0124-9
https://doi.org/10.3390/horticulturae9080948
https://doi.org/10.1016/j.virol.2022.11.006
https://doi.org/10.1016/j.virol.2022.11.006
https://doi.org/10.10941/PHYTO-08-21-034-R
https://doi.org/10.10941/PHYTO-08-21-034-R
https://doi.org/10.1016/j.virol.2020.01.002
https://doi.org/10.1016/j.virol.2020.01.002
https://doi.org/10.3390/ijms23031502
https://doi.org/10.3390/ijms23031502


Advances in understanding plant-pathogen interactions: insights from tomato as a model system

111.	Mushtaq M, Sakina A, Wani SH, Shikari AB, Tripathi P, Zaid 
A, Galla A, Abdelrahman M, Sharma M, Singh AK, Salgotra 
RK. Harnessing genome editing techniques to engineer disease 
resistance in plants. Front Plant Sci. 2019;10:550. https://doi.
org/10.3389/fpls.2019.00550.

112.	Li Q, Shen H, Yuan S, Dai X, Yang C. MiRNAs and lncRNAs in 
tomato: roles in biotic and abiotic stress responses. Front Plant Sci. 
2023;13:1094459. https://doi.org/10.3389/fpls.2022.1094459.

113.	Dey S, Sarkar A, Chowdhury S, Singh R, Mukherjee A, Ghosh Z, 
Kundu P. Heightened miR6024NLR interactions facilitate necro-
trophic pathogenesis in tomato. Plant Mol Biol. 2022;109:717–
39. https://doi.org/10.1007/s11103-022-01270-z.

114.	Sharmaa N, Sahub PP, Prasada A, Muthamilarasana M, Was-
eem M, Khana Y, Thakura JK, Chakraborty S, Prasad M. 
The Sw5a gene confers resistance to TOLCNDV and trig-
gers an HR response after direct AC4 effector recognition. 
PNAS. 2021;118(33):e2101833118. https://doi.org/10.1073/
pnas.2101833118.

115.	Taliansky M, Samarskaya V, Zavriev SK, Fesenko I, Kalinina NO, 
Love AJ. RNA-based technologies for engineering plant virus 
resistance. Plants. 2021;10(82). https://doi.org/plants10010082.

116.	Wagaba H, Patil BL, Mukasa S, Alicai T, Fauquet CM, Taylor 
NJ. Artificial microRNA-derived resistance to cassava brown 
streak disease. J Virological Met. 2016;231:38–43. https://doi.
org/10.1016/j.jviromet.2016.02.004.

117.	Singh A, Mohorianu I, Green D, Dalmay T, Dasguta I, Mukher-
jee SK. Artificially induced phased siRNAs promotes virus resis-
tance in transgenic plants. Virology. 2019;537:208–15. https://
doi.org/10.1016/j.virol.2019.08.032.

118.	Singh A, Taneja J, Dasgupta I, Mukherjee SK. Development of 
plants resistant to tomato geminiviruses using artificial trans-act-
ing small interfering RNA. Mol Plant Pathol. 2015;16(7):724–34. 
https://doi.org/10.1111/mpp.12229.

119.	Nizamani MM, Zhang Q, MuhaeUdDin G, Wang Y. High-
throughput sequencing in plant disease management: a 
Comprehensive review of benefits, challenges, and future per-
spectives. Phytopathol Res. 2023;5:44. https://doi.org/10.1186/
s42483-023-00199-5.

120.	Maina S, Donovan NJ, Plett K, Bogema D, Rodoni BC. High-
throughput sequencing for plant virology diagnostics and its poten-
tial in plant health certification. Front Hortic. 2024;3:1388028. 
https://doi.org/10.3389/fhort.2024.1388028.

121.	Valenzuela SL, Norambuena T, Morgante V, García F, Jiménez 
JC, Núñez C, Fuentes I, Pollak B, Viroscope. Plant viral diag-
nosis from high-throughput sequencing data using biologi-
cally-informed genome assembly coverage. Front Microbiol. 
2022;13:967021. https://doi.org/10.3389/fmicb.2022.967021.

122.	Qiang-long Z, Shi L, Peng G, Fei-shi L. High-throughput sequenc-
ing technology and its application. Vol. 21 No. 3 84–96 J Northeast 
Agri Uni. 2014; https://doi.org/1006-8104(2014)-03-0084-13.

123.	Kircher M, Kelso J. High-throughput DNA sequencing con-
cepts and limitations. BioEssays. 2010;32:524–36. https://doi.
org/10.1002/bies.200900181.

124.	Prabha K, Baranwal VK, Jain RK. Applications of next-gener-
ation high throughput sequencing technologies in characteriza-
tion, discovery and molecular interaction of plant viruses. Indian 
J Virol. 2013. https://doi.org/10.1007/s13337-013-0133-4.

125.	Song L, Wang Y, Zhao L, Zhao T. Transcriptome profiling unrav-
els the involvement of phytohormones in tomato resistance 
to the tomato yellow leaf curl virus (TYLCV). Horticulturae. 
2022;8:143. https://doi.org/10.3390/horticulturae8020143.

126.	Moreno AB, López-Moya JJ. When viruses play team sports: 
mixed infections in plants. Phytopathol. 2020;110(1):29–48. 
https://doi.org/10.1094/PHYTO-07-19-0250-FI.

127.	Fukuhara T, Tabara M, Koiwa H, Takahashi H. Effect of 
asymptomatic infection with southern tomato virus on tomato 

in sweet pepper (Capsicum annuum L.) in response to Chilli leaf 
curl virus infection. Physiol Mol Plant Pathol. 2018;104:95–102. 
https://doi.org/10.1016/j.pmpp.2018.10.001.

97.	 Mandal A, Sarkar D, Kundub S, Kundu P. Mechanism of regula-
tion of tomato TRN1 gene expression in late infection with tomato 
leaf curl New Delhi virus (ToLCNDV). Plant Sci. 2015;241:221–
37. https://doi.org/10.1016/j.plantsci.2015.10.008.

98.	 Li F, Qiao R, Yang X, Gong P, Zhou X. Occurrence, distribu-
tion, and management of tomato yellow leaf curl virus in 
China. Phytopathol Res. 2022;4:2. https://doi.org/10.1186/
s42483-022-00133-1.

99.	 Sun S, Kang X-P, Xing X-J, Chen Z-F, Zheng S-W. Xing G-M. 
transient expression of siRNA targeted against the TYLCV AV1, 
AC1 and AC3 genes for high resistance in tomato. Sci Hortic. 
2014;179:321–7. https://doi.org/10.1016/j.scienta.2014.10.002.

100.	Patil BL, Bagewadi B, Yadav JS, Claude M, Fauquet. Map-
ping and identification of cassava mosaic geminivirus DNA-A 
and DNA-B genome sequences for efficient siRNA expression 
and RNAi based virus resistance by transient agro-infiltration 
studies. Virus Res. 2016;213:109–15. https://doi.org/10.1016/j.
virusres.2015.11.011.

101.	Ogwok E, Ilyas M, Alicai T, Marie Rey MEC, Taylor NJ. Com-
parative analysis of virus-derived small RNAs within cassava 
(Manihot esculenta Crantz) infected with cassava brown streak 
viruses. Virus Res. 2016;215:1–11. https://doi.org/10.1016/j.
virusres.2016.01.015.

102.	Dalakouras A, Wassenegger M, Dadami E, Ganopoulos I, Pappas 
ML, Papadopoulou K. Genetically modified organism-free RNA 
interference: exogenous application of RNA molecules in plants. 
Plant Physiol. 2020;182(1):38–50. https://doi.org/10.1104/
pp.19.00570.

103.	Wang M, Jin H. Spray-indiced gene silencing: a powerful innova-
tive strategy for crop protection. Trend Microbiol. 2018;25(1):4–
6. https://doi.org/10.1016/j.tim.2016.11.011.

104.	Kushwaha N, Singh AK, Basu S, Chakraborty S. Differential 
response of diverse solanaceous hosts to tomato leaf curl New 
Delhi virus infection indicates coordinated action of NBS-LRR 
and RNAi-mediated host defense. Arch Virol. 2015;160:1499–
509. https://doi.org/10.1007/s00705-015-2399-x.

105.	Song Y-Z, Han Q-J, Jiang F, Sun R-Z, Fan Z-H, Zhu C-X, Wen F-J. 
Effects of the sequence characteristics of miRNAs on multi-viral 
resistance mediated by single miRNAs in transgenic Tobacco. 
Plant Physiol Biochem. 2014;77:90–8. https://doi.org/10.1016/j.
plaphy.2014.01.008.

106.	Yang X, Guo W, Li F, Sunter G, Zhou X. Geminivirus-associated 
beta satellites: exploiting chinks in the antiviral arsenal of plants. 
Trends Plant Sci. 2109;24(6):519–29. https://doi.org/10.1016/j.
tplants.2019.03.010.

107.	Patil BL, Ogwok E, Wagaba H, Mohammed IU, Yadav JS, 
Bagewadi B, Taylor NJ, Kreuze JF, Maruthi MN, Alicai T, 
Fauquet CM. RNAi-mediated resistance to diverse isolates 
belonging to two virus species involved in Cassava brown 
streak disease. Mol Plant Pathol. 2011;12(1):31–41. https://doi.
org/10.1111/J.1364-3703.2010.00650.X.

108.	Yadav JS, Ogwok E, Wagaba H, Patil BL, Bagewadi B, Alicai 
T, Gaitan-Solis E, Taylor NJ, Fauquet CM. RNAi-mediated 
resistance to cassava brown streak Uganda virus in transgenic 
cassava. Mol Plant Pathol. 2011;12(7):677–87. https://doi.
org/10.1111/J.1364-3703.2010.00700.X.

109.	Yang X, Zhang L, Yang Y, Schmid M, Wang Y. MiRNA medi-
ated regulation and interaction between plants and pathogens. Int 
J Mol Sci. 2021;22:2913. https://doi.org/10.3390/ijms22062913.

110.	Zaman QU, Raza A, Lozano-Juste J, Chao L, Jones MGK, Wang 
HF, Varshney RK. Engineering plants using diverse CRISPR-asso-
ciated proteins and deregulation of genome-edited crops. Trends 
Biotechnol. 2023. https://doi.org/10.1016/j.tibtech.2023.10.007.

1 3

https://doi.org/10.3389/fpls.2019.00550
https://doi.org/10.3389/fpls.2019.00550
https://doi.org/10.3389/fpls.2022.1094459
https://doi.org/10.1007/s11103-022-01270-z
https://doi.org/10.1073/pnas.2101833118
https://doi.org/10.1073/pnas.2101833118
https://doi.org/10.1016/j.jviromet.2016.02.004
https://doi.org/10.1016/j.jviromet.2016.02.004
https://doi.org/10.1016/j.virol.2019.08.032
https://doi.org/10.1016/j.virol.2019.08.032
https://doi.org/10.1111/mpp.12229
https://doi.org/10.1186/s42483-023-00199-5
https://doi.org/10.1186/s42483-023-00199-5
https://doi.org/10.3389/fhort.2024.1388028
https://doi.org/10.3389/fmicb.2022.967021
https://doi.org/10.1002/bies.200900181
https://doi.org/10.1002/bies.200900181
https://doi.org/10.1007/s13337-013-0133-4
https://doi.org/10.3390/horticulturae8020143
https://doi.org/10.1094/PHYTO-07-19-0250-FI
https://doi.org/10.1016/j.pmpp.2018.10.001
https://doi.org/10.1016/j.plantsci.2015.10.008
https://doi.org/10.1186/s42483-022-00133-1
https://doi.org/10.1186/s42483-022-00133-1
https://doi.org/10.1016/j.scienta.2014.10.002
https://doi.org/10.1016/j.virusres.2015.11.011
https://doi.org/10.1016/j.virusres.2015.11.011
https://doi.org/10.1016/j.virusres.2016.01.015
https://doi.org/10.1016/j.virusres.2016.01.015
https://doi.org/10.1104/pp.19.00570
https://doi.org/10.1104/pp.19.00570
https://doi.org/10.1016/j.tim.2016.11.011
https://doi.org/10.1007/s00705-015-2399-x
https://doi.org/10.1016/j.plaphy.2014.01.008
https://doi.org/10.1016/j.plaphy.2014.01.008
https://doi.org/10.1016/j.tplants.2019.03.010
https://doi.org/10.1016/j.tplants.2019.03.010
https://doi.org/10.1111/J.1364-3703.2010.00650.X
https://doi.org/10.1111/J.1364-3703.2010.00650.X
https://doi.org/10.1111/J.1364-3703.2010.00700.X
https://doi.org/10.1111/J.1364-3703.2010.00700.X
https://doi.org/10.3390/ijms22062913
https://doi.org/10.1016/j.tibtech.2023.10.007


S. O. Azeez, S. E. Adeboye

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

plants. Arch Virol. 2020;165:11–20. https://doi.org/10.1007/
s00705-019-04436-1.

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

1 3

https://doi.org/10.1007/s00705-019-04436-1
https://doi.org/10.1007/s00705-019-04436-1

	﻿Advances in understanding plant-pathogen interactions: insights from tomato as a model system
	﻿Abstract
	﻿Introduction
	﻿Plant-pathogen interaction
	﻿Effector proteins
	﻿Host plant resistance and susceptibility
	﻿Secondary metabolites
	﻿Transcription factors
	﻿RNA interference
	﻿Genome editing
	﻿MicroRNAs
	﻿High-throughput sequencing
	﻿Mutualism

	﻿Conclusion
	﻿References


